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Summary 
Although the Great Salt Lake  is frequently treated as if it were a single body of water, the natural bays and 
transportation causeways have divided it into a system of four bays.  The bays, however, do not function 
independently because water, nutrients and other contaminants flow between them.  The purpose of our study 
was to analyze the water quality in three of the bays (Farmington, Bear River and Gilbert), to determine 
fluxes of nutrients between them, and to determine how this was influencing brine shrimp populations in the 
lake.  Discharge and nutrient concentrations were measured at constrictions separating the three bays from 
May through December of 2006.  Phytoplankton and nutrients in the bays were sampled periodically to help 
understand factors controlling blooms of phytoplankton.  Three synoptic analyses were done in May, June 
and December to look at water quality and plankton concentrations at 29 stations in the three bays.  The 
synoptic work was coupled with an analysis of MODIS satellite imagery to determine spatial and temporal 
changes in the abundance of phytoplankton in the lake. 
 
Farmington Bay, which receives extensive loading of nutrients from wastewater treatment plants was 
hypereutrophic and had massive blooms of toxic cyanobacteria (Nodularia spumigena).  During 2006 
chlorophyll levels there ranged from 38 to 186 μg/L, and the liver toxin (nodularin) produced by the 
cyanobacteria reached levels 10-times higher than recommended for contact recreation.  Bear River Bay also 
had episodic high chlorophyll levels, but there were negligible levels of cyanobacteria or cyanotoxins.  
Chlorophyll levels in Gilbert Bay were lower, averaging 15 μg/L during the study period.   
 
Nutrient loading to Gilbert Bay was dominated in the spring by runoff flows from the Bear River.  Nutrient 
loading from eutrophic Farmington Bay was restricted during spring runoff because water was diverted 
before reaching this bay and rather flowed via the Goggin Drain directly into Gilbert Bay.  Although this 
minimized nutrient loading to Farmington Bay, it also kept the bay from flushing relatively clean runoff 
water through the system.  In summer, discharge and nutrient loading from Bear River Bay subsided but 
actually increased from Farmington Bay.  Overall, Farmington Bay contributed 45% and Bear River Bay 
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contributed 55% of the limiting nutrient (nitrogen) to Gilbert Bay.  Additional estimates of nutrient flux 
suggest that Gilbert Bay is receiving extremely high loads of the limiting nutrient, nitrogen.  However, a 
much more thorough estimate of loading is needed, and the effects of the eutrophication in Gilbert Bay are 
not clear.  The loading contributes to anoxia in the deep brine layer of the lake and this may influence odor 
problems and facilitate the transformation of mercury into the toxic methylmercury.   Conversely, the heavy 
nutrient loading promotes the growth of phytoplankton and thus likely stimulates the production of brine 
shrimp in Gilbert Bay. 
 
The synoptic analyses demonstrated that water quality characteristics in the fresher Farmington and Bear 
River Bays differed greatly from Gilbert Bay where salinity was 11-14% at most stations.  In Farmington 
Bay, salinities increased from near 0% at the south end to over 3% (or more) at the north end near the 
connection with Gilbert Bay.  Bear River Bay had less than 0.3% salinity during all of the synoptics.  During 
spring runoff the NE section of Gilbert Bay was diluted slightly by the fresher water of Bear River and had 
significantly higher chlorophyll levels than other parts of the bay.  Concentrations of optical brighteners, a 
tracer of wastewater discharges, were much higher in Bear River Bay and particularly Farmington Bay, than 
in Gilbert Bay.    
 
Analysis of the isotopes of nitrogen and carbon were used to test the hypothesis that the high phytoplankton 
production in Farmington Bay was exported into Gilbert Bay and used by the brine shrimp there as a food 
resource.  The isotope data indicated that seston (phytoplankton and detritus) was transported into Gilbert 
Bay, but this data provided little indication that brine shrimp utilized this resource, at least during the May, 
June and December synoptics.  However, comparison of particulate organic matter exported to Gilbert Bay 
with estimates of primary production there indicates that Farmington Bay could contribute approximately 
12% of the food resource for the brine shrimp.  More importantly, the heavy dissolved and particulate 
nutrient loading from Farmington Bay may sustain high phytoplankton production rates in Gilbert Bay 
during the summer when nutrient loading from Bear River has subsided. 
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The MODIS satellite imagery was used to effectively develop a Great Salt Lake-specific algorithm to 
estimate chlorophyll levels across much of the lake.   Chlorophyll levels in Farmington Bay, however, 
usually saturated the output from the satellite, so that phytoplankton in this hypereutrophic area could not be 
easily assessed with this method.  In Gilbert Bay, however, strong spatial differences were evident from the 
imagery, including distinct chlorophyll-rich plumes originating in Farmington Bay and extending out as far 
as 20 km into the less productive bay.  These plumes were, however, episodic, suggesting that winds and 
currents tend to homogenize the plankton in Gilbert Bay.  The imagery from the frequent satellite passes was 
used to construct a detailed picture of the temporal changes in chlorophyll in Gilbert Bay, which showed 
high concentrations in the early spring (ca. 40 μg/L), very low levels in May and early June when brine 
shrimp grazing reduced phytoplankton levels, and then low, but varying concentrations through the summer 
and fall until brine shrimp disappeared in late fall. 
 
The combined use of routine monitoring, synoptic analyses and satellite imagery showed the strong effects of 
Bear River Bay and Farmington Bay on the chemistry and plankton in Gilbert Bay.  Consequently, although 
factors such as salinity greatly differentiate the ecology of the three bays and argue for their independent 
management, the strong linkages between the sub-systems will require an integrated management plan to 
deal with the increasing nutrient and contaminant loading to this unique system. 
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Introduction 
 
The Great Salt Lake is under increasing scrutiny to determine if its beneficial uses for wildlife, mineral 
extraction and recreation are being threatened by increasing levels of pollutants.  The tremendous growth in 
the Salt Lake Valley and elsewhere in the lake’s watershed are putting increasing pressure on the ecosystem, 
but we have only a limited understanding of how the lake’s biota is responding to these changes.  Although 
the Great Salt Lake is large, and thus can assimilate some contaminants, it is also a terminal lake where 
pollutants accumulate.  Consequently, we need to understand processes in the ecosystem so that pollutant 
management strategies can be enacted. 
 
Causeways divide the Great Salt Lake into four linked bays whose varied salinity levels and pollutant 
loading cause them to function quite differently.  Farmington Bay receives excessive nutrient loading via the 
Jordan River and particularly from sewage treatment plants in Salt Lake and Davis Counties (Wurtsbaugh 
and Marcarelli 2004a).  The lower salinities (ca. 1-8%) in the bay allow massive blooms (Fig. 1) of 
cyanobacteria (blue-green algae) to develop.  These blooms can produce toxins harmful to wildlife and 
humans (World Health Organization 2003; Ibelings and Havens 2005), but their impact in the Great Salt 
Lake is presently unknown.  The dominant cyanobacteria in Farmington Bay, Nodularia spumigena, grows 
in massive quantities and produces large amounts of a liver toxin, nodularin (W. Wurtsbaugh, unpublished 
data). The high algal production in the bay may also, however, provide food for brine shrimp in Gilbert Bay.  
At this point, however, we do not know if the toxic cyanobacteria can be used as a food source.  The Bear 
River Bay (BRB) receives less-polluted water from the Bear River, but since it this is the largest tributary of 
the lake, the nutrient loading to the bay is also substantial (Marcarelli et al. 2005).  The Bear River Bay has 
only been partially inundated in recent years, but rising lake levels may reverse that trend.  The limnology of 
the Bear River Bay has received very little attention (see Barras and Kadlec 2000; Kadlec 2002).  Gilbert 
Bay receives its water and pollutant loads largely from Farmington and Bear River Bay, but also from the 
Weber River and sewage treatment plants discharging into Ogden Bay, on the east side of Gilbert Bay.  The 
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high salinity in Gilbert Bay (usually >10%) limits the diversity of organisms that can survive, but huge 
populations of brine shrimp and brine flies thrive there and are crucial for supporting bird populations in the 
flyway, as well as an economically important cyst harvesting industry.  Gunnison Bay in the north, does not 
support production of brine shrimp or other macro-invertebrates under normal circumstances because of its 
high salinity (>25%), but it is an important producer of brine shrimp in times of extreme runoff and low 
salinities such as occurred in the mid-1980s. 
 
Although we are beginning to gain some understanding of ecological processes in Farmington and Gilbert 
Bays, we have little understanding on linkages between the subcomponents of the larger ecosystem.  In this 
study we used monitoring, synoptic studies and remote sensing to determine how Farmington Bay and the 
Bear River Bay influence nutrient fluxes and brine shrimp production and distribution in Gilbert Bay.  Three 
synoptic studies were conducted, one during peak discharge (May), another in June, and one when nutrient 
loading was low and brine shrimp populations were declining (November/December).  The synoptic 
sampling was combined with remote sensing of the entire lake to provide higher temporal and spatial 
resolution of processes.  Finally, the outflows of Bear River and Farmington Bays were monitored regularly 
to understand nutrient fluxes between the bays, and to gain some understanding of plankton populations in 
the bays. 
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Methods 
 
Study sites:  Water samples were collected periodically at the outflow of Farmington Bay (FB) at the 
causeway bridge near Antelope Island, at the outflow of Bear River Bay (BR) at the Great Salt Lake 
Minerals bridge, and at the Weber River inflow (Fig. 2).  For the synoptic analyses of lake sites in May, June 
and November 2006 we sampled up to 29 stations spread across the three bays (Fig. 2).  In May and June, 
shallow water restricted the extent of Bear River Bay that could be accessed with an airboat.  In November 
we could not sample at the main open water sites in Farmington and Bear River Bays because they were 
covered with ice that precluded the use of boats, and that was too thin to walk on.  In lieu of the open water 
sites we sampled water flowing out of the two bays at the bridge sites. 
 
Bay discharge and chemical measurements:  Field parameters (pH, water temperature, and specific 
conductance) were measured at inflow and lake sites using an In-Situ® Troll 9000 multiparameter water-
quality monitor. The standard pH and high-range specific conductance probes were calibrated on a daily 
basis, prior to taking measurements. Temperature probe calibration was verified on an annual basis with an 
NIST certified thermometer.   
 
Water samples for nutrient analyses were collected periodically at the Farmington and Bear River Bay 
discharge measurements, as well as at the Weber River.  The USGS team used composited water samples 
from across the channels using the equal discharge increment (EDI) method (Wilde et al., 1999) at the Bear 
River and Farmington Bay inflow sites and equal width increment (EWI) method (Wilde et al., 1999) at the 
Weber River site.  River inflow samples were composited into a churn splitter and processed on site.  The 
USU team took dip samples from near the shore at a depth of ca. 20 cm.  Subsequent analyses (see below) 
indicated that the two sampling methodologies did not influence the estimates of nutrient flux into Gilbert 
Bay.  At collection sites, sample volumes (typically between 20 and 200 mL, depending on particulate load) 
were processed through 25-um diameter, GF/F glass fiber filters with 0.7 μm nominal pore size to separate 
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dissolved and particulate fractions.  Samples for chlorophyll analysis (a metric of algal biomass) were 
filtered through 25-mm Millipore AP 40 glass fiber filter with a nominal pore size of 1.0 μm.  Samples for 
cyanotoxin analyses were filtered through 47-mm GF/C filters with a nominal pore size of 1.0 μm.  Samples 
for optical brighteners (indicators of sewage release) were filtered through GF/F filters with a nominal pore 
size of 0.7 μm. 
 
Due to the low channel gradients and bi-directional flow at the BR and FB sites, normal stage-to-discharge 
relationships cannot be constructed to estimate water discharges. Instead, acoustic Doppler profilers we 
deployed at the FB and BR bridges.  These instruments record velocities in up to 20 depth strata and thus can 
account for flow reversals at different depths (bi-directional flows).  At the Weber River inflow a pressure 
transducer recorded depths and a stage-discharge relationship was established with periodic depth, width and 
velocity measurements so that water flow into Gilbert Bay could be estimated.   
 
Loading calculation methodology─ The USGS loading software, LOADEST (Runkel et al., 2004), was used 
to estimate the mass loading of total Se at each gage site. The automated model selection in LOADEST was 
used to select the best regression model from the set of nine predefined models (table **). Under the 
automated selection option, adjusted maximum likelihood estimation (AMLE) (Cohn, 1988; Cohn et al., 
1992), is used to determine model coefficients and estimates of log load. The predefined model with the 
lowest value of the Akaike Information Criterion (AIC) statistic was then used for final estimation of mean 
daily load (Judge et al., 1988).  
 
 
Lake field measurements:  Water transparency at each station was measured with a 20-cm Secchi disk.  
Water for algal pigments, cyanotoxins, nutrients, optical brighteners, and isotopic composition of 
phytoplankton was collected from a depth of ca. 20-cm with a plastic bucket and stored in polyethylene 
bottles in coolers.  At each station we collected two zooplankton samples with a 0.5-m diameter net with 250 
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μm mesh, using a vertical haul throughout the oxic part of the water column.  One sample was preserved in 
formalin for counting.  A portion of the other sample was preserved in plastic vials and subsequently dried at 
70°C for analyses of carbon and nitrogen isotopes.  Profiles of temperature, dissolved oxygen, conductivity 
(salinity measure), pH and redox (electronegativity) were measured with an In-Situ sonde (In-Situ, Inc., 
Laramie, WY).  We attempted to collect purple-sulfur bacterial samples from the top of the deep brine layer 
with a peristaltic pump at three stations in Gilbert Bay, but we did not find a layer of these bacteria, probably 
because high chlorophyll levels in the surface water during our collections adsorbed too much light to allow 
photosynthetic bacteria to grow in the deeper water.  Phytoplankton samples from each station were 
preserved in formalin. 
 
Laboratory analyses: 
USGS—After removal from the water sample by filtration onto a glass fiber filter, total particulate carbon 
(TPC) and total particulate nitrogen (TPN) was measured by high-temperature combustion with an Exeter 
Analytical elemental analyzer (U.S. Environmental Protection Agency, 1997) at the U.S. Geological Survey 
National Water-Quality Laboratory (NWQL) in Denver, Colorado. For dissolved and whole-water nutrient 
analysis in water samples with elevated salinities (>= 3 %), a wash solution or instrument blank was prepared 
in a salt-water matrix with a salinity of 3% to prevent matrix interference. Total dissolved nitrogen and total 
dissolved phosphorous were determined by alkaline persulfate digestion and a 2-channel, air segmented 
continuous flow analyzer (ASF) (Patton and Kryskalla, 2003).  Whole-water total phosphorous in saline 
water was determined using alkaline persulfate digestion and ASF (Patton and Kryskalla, 2003). Total 
phosphorous in less saline (< 3 % salinity) water samples was determined by a micro-Kjeldahl digestion 
followed by a phosphoantimonylmolydenum blue colorimetric procedure (Patton and Truitt, 
1992).  Orthophosphate was determined using the phosphomolybdate colorimetric method and an Alpkem 
rapid flow analyzer (RFA) (Fishman, 1993).  Nitrite and nitrate were analyzed using a colorimetric, cadmium 
reduction-diazotization, RFA procedure (Fishman, 1993) while ammonia was determined by a colorimetric, 
salicylate-hypochlorite, RFA method (Fishman, 1993). 
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Optical brighteners were measured as an indication of wastewater pollution to different parts of the lake.  
Optical brighteners are added to products, such as laundry soaps, detergents, or cleaning agents. Laundry 
wastewater is the largest contributor of brighteners to wastewater systems (Turner Designs, No Date).  The 
brighteners were measured with a Turner Designs Model TD700 fluorometer equipped with a Black Light 
lamp, and a 10-mm X 100 mm cuvette.  The fluorometer was standardized with a commercially available 
liquid detergent (Tide)-to-deionized water solution (1:10,000 v/v). 
 
To measure phycocyanins and phycoerthrins, pigments produced by cyanobacteria, we used filter kits and 
lamps specified by Turner Designs (www.turnerdesigns.com/t2/doc/appnotes/cyano.html). Relative 
concentration of phycocyanin, expressed in FSU, was determined using a Cool White lamp with a 600 nm 
excitation filter and a 640 nm emission filters. . Relative concentration of phycerythrin, expressed in FSU, 
was determined using a Daylight White lamp with a 544 nm excitation filter and a >570 nm emission filters. 
 
Utah State Limnology Laboratory─Total nitrogen and total phosphorus samples were first diluted to 3% 
salinity if they were higher than this level.  The samples were then oxidized with persulfate (Valderrama 
1981) and the NO3 and PO4 in the digest were analyzed with an Astoria-Pacific (Alpkem) Autoanalyzer 
utilizing the cadmium reduction-diazotization method for nitrate and the phosphoantimonylmolydenum blue 
colorimetric procedure for phosphate. 
 
Phytoplankton were analyzed using both taxonomic identifications and measurements of chlorophyll a as a 
surrogate for overall algal biomass.  Phytoplankton cell density was determined on a small subset of the field 
samples using Utermohl chambers and an inverted microscope at 1000X (Wetzel and Likens 2000).  Samples 
for chlorophyll a analysis were filtered through a 1.0-μm Millipore AP filters, frozen and then extracted in 
95% and measured with a Turner 10AU fluorometer using the non-acidification technique (Welschmeyer 
1994).  The fluorometer was calibrated annually with pure chlorophyll samples, and before each set of 
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sample analyses with a solid standard provided by Turner Designs.  Zooplankton samples were identified and 
counted using a 30X dissecting microscope.  A minimum of 100 individuals were counted from each sample.   
 
We used an isotopic approach to address whether algal production in Farmington and Bear River Bays were 
being utilized by brine shrimp (Artemia franciscana) in Gilbert Bay.  Previous work by Naftz et al. (2008) 
found that nitrogen contained in Artemia near the outflow of Farmington Bay was isotopically light.  That is, 
they contained a lower ratio of 15N:14N than the Artemia further from the outflow.  Because the isotopic ratio 
of zooplankton is, in part, a consequence of the phytoplankton, bacteria and detritus they eat, we 
hypothesized that we should be able to determine differences in the isotopic ratios of both the seston (the 
combined phytoplankton, bacteria and detritus in the water column) and the zooplankton in different regions 
of the lake, and that patterns might emerge showing the source of the food for the Artemia.    
 
Seston samples for isotopic analyses were filtered on 47-mm GF/C filters (1 μm nominal pour size) until 
clogging occurred, dried at 70°C, and then encapsulated.  Weighed samples of zooplankton (primarily 
Artemia) were ground and then encapsulated. Both the phytoplankton and zooplankton samples were 
analyzed for isotopic composition (δ15N and δ13C) at the Stable Isotope Facility at the University of 
California, Davis.  Isotopic data were expressed using the ratio of the isotope relative to that of standard: 
 
  δ15N or δ13C  =   (Rsample – Rstandard) * 1000  
                                              Rstandard  
 
Where R is the ratio of the heavy isotope to the light isotope.  The standard ratios are for the nitrogen in air, 
and the carbon in a British limestone formation. 
 
Phytoplankton samples for cyanotoxin analysis were filtered on 1.0 μM GF/C filters, frozen at -80°C, and 
sent to the laboratory of Dr. Greg Boyer (SUNY, New York) for processing.  There the toxin filters were 
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extracted by sonication in 10 mL of 50% aqueous methanol acidified to 1% with acetic acid.  Samples were 
clarified by centrifugation at 27000 x g, followed by filtration through a 0.45 µm nylon syringe filter.  
Extracts were stored at -20˚C.  Microcystin and nodularin concentrations were determined using the protein 
phosphatase inhibition assay (PPIA), modified from Carmichael and An (1999), run in 96 well plates (Hotto 
et al., 2005).  Samples were run against a microcystin-LR standard and expressed in microcystin-LR 
equivalents.  In addition, the presence of peptide toxins was confirmed by HPLC with photodiode array 
detection (PDA) and mass selective (MS) detection using the total ion trace between the m/z 700- m/z 1150.  
Nodularins were quantified against a nodularin standard (Alexis Biochemical) prepared in 50% methanol 
using both PDA detection at 260 nm and by selected ion MS using the molecular ion at m/z 825.  Anatoxin-a 
was determined by HPLC with fluorescent detection (470 nm excitation, 530 nm emission) according to 
James et al. (1998).  Detection limits for microcystin/nodularin using the different methods were < 0.06 µg 
L-1 (PPIA), < 0.2 µg L-1 (HPLC PDA, MS) and < 0.02 ug L-1 (MS-SIM). 
 
 
Remote Sensing: 
Background─The satellite sensor used in this study is NASA’s Moderate Resolution Imaging 
Spectroradiometer (MODIS) which is housed onboard both the Aqua and Terra satellites.  While many 
publicly and privately owned satellite systems are designed for land-based applications, MODIS was 
designed specifically to be used for the remote sensing of water.  As such, the sensor possesses 
characteristics necessary for the measurement of water quality, including a high signal-to-noise ratio, narrow 
spectral bands with high stability, improved onboard radiometric calibration and stability monitoring.   
 
Almost all of the spectral bands collect data with 1-km resolution (pixels), and as such, most use of MODIS 
imagery is at this scale.  Due to the combination of the sensor footprint and orbital patterns of the Aqua and 
Terra, MODIS data provides global coverage every day.  NASA’s Ocean Color team has developed 
algorithms for converting MODIS imagery to maps of numerous water characteristics including sea surface 
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temperature, coefficient of attenuation at 490 nm, reflectance and chlorophyll concentration.  These products 
are currently produced for only the sensor on Aqua; therefore, all data used in this study were collected from 
this satellite.   
 
Although the MODIS sensor on Aqua provides global coverage every day, good quality imagery is not 
available for the Great Salt Lake each day.  Cloud patterns, local atmospheric disturbances and large scale 
atmospheric conditions have a significant influence on the availability of imagery, either by completely 
obscuring portions of the lake or by complicating the process of atmospheric correction (a crucial step in 
processing of imagery for remote sensing of water).  As a result, the availability of good imagery of the lake 
can vary from three consecutive days to 10 days between useable images.   
 
The chlorophyll algorithms developed by the NASA Ocean Color team are based on largely ocean-based 
measurements combined with data from a small number of coastal sites.  The central assumption in these 
algorithms is that as chlorophyll concentrations increase, the ratio of blue light (bands at 411 nm, 442 nm and 
487 nm) to green light (530 cm) will decrease as the amount of chlorophyll absorption will increase in the 
blue wavelengths relative to the lack of absorption in the green (e.g. phytoplankton reflect green wavelengths 
and thus appear green).  Because these algorithms are based on oceanic waters, they have some limitations 
when applied to inland water bodies.  In addition to the algorithms, the atmospheric correction techniques are 
also designed for typical atmosphere conditions found over the ocean.  
 
There are several lake-specific issues which complicate the use of these algorithms in the Great Salt Lake.  
Firstly, although 1-km pixels will easily provide good quality data over the majority of the lake, it may be 
difficult to avoid signal contamination from land masses within several kilometers of the shore.  Also, the 
dataset which with the ocean chlorophyll algorithms were developed did not contain a good representation of 
high chlorophyll conditions (>50 mg/L) due to the infrequency of such conditions in marine systems.  As a 
result, the MODIS products may not produce a reading under very high chlorophyll concentrations.  Finally, 
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it is possible that periphyton growing on the lake’s bottom in shallow areas may produce noticeable signals 
during periods of very clear water. 
 
In spite of the potential difficulties with the Ocean Color team’s chlorophyll algorithm in the Great Salt Lake, 
the MODIS imagery was able to provide compelling data for understanding spatial dynamics in the water 
body.  For the majority of the lake, the pixel size was adequate for measurement and visualization of 
chlorophyll concentrations.  The desert atmosphere provided a relatively simple set of conditions on which 
the atmospheric correction method must act.  Also, the wide range of chlorophyll concentrations seen in the 
lake provided several orders of magnitude over which the algorithm could be tuned. 
 
The approach used in chlorophyll algorithm and development relied on the production of two sets of field 
and lab-measured chlorophyll samples with matched satellite images.  The first experimental set consisted of 
the chlorophyll samples taken during the three synoptic survey and was used to tune the MODIS algorithm to 
conditions found in the Great Salt Lake.  The validation data set was composed of monthly chlorophyll 
samples taken by the USGS from May to December and was used to test the accuracy of the Great Salt Lake-
tuned MODIS algorithm to dates outside of the synoptic surveys. 
 
Methods─Aqua MODIS level 2 chlorophyll (OC3) imagery was ordered from the NASA Ocean Color Group 
online data browser.  MODIS level 2 HDF files were processed using SeaDAS 5.1 with embedded IDL, also 
from the NASA Ocean Color Group.  Images obtained from NASA were projected with their center on N 
41.16°, W 112.6° using standard parallels of N 40° and N 42°.  The images were cropped to 100 by 150 
pixels with a pixel size of 1.1 km.  For each on-lake sampling site, chlorophyll estimates of MODIS were 
extracted for the appropriate 1 km2 pixel by entering GPS coordinates using the Read and Profile function of 
SeaDAS. 
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The comparison of MODIS chlorophyll values to extracted chlorophyll values from lake sampling was 
accomplished through regression analysis.  For these analyses, the data were divided into two groups: 
algorithm development (experimental) and algorithm validation.  The experimental dataset was used to 
develop several equations which related MODIS standard chlorophyll a values to Great Salt Lake extracted 
chlorophyll a concentrations.  For the validation group, the MODIS standard chlorophyll a value for each 
sampling point was converted to a Great Salt Lake specific MODIS data using the best relationship from the 
experimental analysis.  The Great Salt Lake specific MODIS data for validation dataset were compared to the 
extracted chlorophyll a values for these stations to test the suitability of the regression for dates of imagery 
outside of those used for algorithm development.    
 
Results 
Nutrient Concentrations and Loading 
The Bear River contributes significantly more water to the Great Salt Lake than other sources, and thus is 
important in the overall nutrient load to the lake.  Spring discharge of the Bear River in 2006 was over 8,000 
ft3/sec (227 m3/sec) for nearly one month in April and May (Fig. 3).  However, by mid-summer discharges 
from Bear River Bay into Gilbert drop to very low levels, and flow reversals back into Bear River Bay are 
common.  In contrast, peak discharges from Farmington Bay into Gilbert Bay rarely exceeded 600 ft3/sec (17 
m3/sec), and flows were frequently highest in July and August.  The limited flows out of Farmington Bay 
during the spring are largely due to diversions of the Jordan River water into the Goggin Drain that enters 
Gilbert Bay near the southern end of Antelope Island. 
 
Concentrations–Nutrient concentrations discharging from both Farmington Bay and Bear River Bays were 
very high (Fig. 4).  During the spring, total phosphorus concentrations from Farmington Bay were 0.2–0.3 
mg P/L, but climbed to near 0.6 mg P/L in August and September.  Total nitrogen levels followed similar 
trends, with concentrations near 4 mg N/L in the spring and fall, and concentrations over 6 mg/L in 
midsummer.  Nutrient concentrations in Bear River Bay were generally lower than in Farmington Bay, but 
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they did reach very high levels in August and September when flows out of the bay largely stopped, and 
when our sampling site became an isolated, hypersaline pond. 
 
Loading–Nutrient loading from Bear River Bay was very high during spring runoff because of the combined 
effects of high discharge rates and moderate nutrient concentrations.  The majority of the phosphorus that 
entered from Bear River Bay was in particulate form, with little dissolved P (Fig. 5).  However, from late 
July through September, phosphorus loading from Bear River Bay was very low.  In contrast, phosphorus 
loads from Farmington Bay were low in the spring and peaked in the late summer and fall.  A larger portion 
of the phosphorus load from Farmington Bay was in the more readily available dissolved form, but 
particulate P was still the dominant form exported.  Nitrogen loading from the two bays followed similar 
patterns to those of phosphorus (Fig. 6).  Total nitrogen loads from Bear River Bay reached 35 tons/d in 
during April runoff, but declined to near 2 tons/day in August and September.  Dissolved nitrogen loading 
constituted about 50% of the flux in spring, and the majority in the late summer.  Nitrogen loading from 
Farmington Bay was relatively stable during the year, but the highest loads occurred in October and 
November.  Particulate nitrogen loading was comparatively low, with dissolved nitrogen comprising the bulk 
of the flux. 
 
A summary of seasonal nutrient loading to Gilbert Bay demonstrates that Bear River Bay was most 
important during spring runoff, but that Farmington Bay contributed equal or greater loads of N and P from 
July-November (Fig. 7).  In May, for example, Bear River Bay contributed 81% of the nitrogen and 89% of 
the phosphorus from these two sources.  However, in September the situation had reversed, and Farmington 
Bay contributed 76% of the nitrogen and 98% of the phosphorus to Gilbert Bay.  From May-December the 
combined estimated loading from the two bays was:  
          Nitrogen  Phosphorus 
 Bear River Bay  1,388 tons (55%)          95 tons (53%) 
 Farmington Bay  1,138 tons (45%) 85 tons (47%) 
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Consequently, despite the lower hydraulic discharge from Farmington Bay than from Bear River Bay, the 
higher concentration of nutrients in Farmington’s waters result in nearly equal N and P  loading from the two 
sources.  Bear River Bay is more important in the spring and Farmington Bay is more important in the 
summer and fall.  Note that this study did not include the additional loading from Weber River, Goggin 
Drain and other small tributaries. 
 
The nitrogen to phosphorus ratio coming out of the two bays was high during most of the year with the 
exception of a low ratio (12) during the peak of spring runoff from Bear River Bay (Fig. 8).  At other times 
of the year ratios were generally above 25, suggesting that excess nitrogen was supplied relative to the 
demands for phytoplankton growth (Redfield ratio, N:P;  16:1).  Care must be exercised in applying the 
results from river loading, as much of the N and P is not necessarily bioavailable for phytoplankton growth.  
For example, inorganic silt can contain high levels of mineral phosphorus, much of which sediments to the 
bottom of the lake and is unavailable to fuel algal growth. 
 
Plankton Conditions in the Bays 
The phytoplankton concentrations in Farmington and sometimes Bear River Bays were usually much higher 
than in Gilbert Bay.  A visual example of the differences is evident in bulk water collections from the three 
bays in June, 2006 (Fig. 9).  Chlorophyll concentrations peaked in Farmington Bay in September at 185 ug/L 
(Fig. 10).  Mean chlorophyll concentrations, a measure of phytoplankton biomass, from May-December in 
Farmington, Bear River and Gilbert Bays were 89, 53 and 15 μg/L, respectively.  However, concentrations in 
the bays varied greatly over the study, particularly in Bear River Bay. 
 
The phytoplankton population in Farmington Bay was dominated during much of the year by the 
cyanobacterium, Nodularia spumigena, which produces a potent liver toxin, nodularin.  Concentrations of 
nodularin in the northern and central areas of Farmington Bay were very high during June and July, but low 
at the southern end of the bay (Fig. 11).  Concentrations were also very low in Bear River Bay and in Gilbert 
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Bay.  Low, but detectable concentrations in Gilbert Bay were found only near the discharges of Farmington 
Bay and the Goggin drain.  Cyanotoxin concentrations were highly correlated with the abundance of the 
cyanobacteria Nodularia in Farmington Bay (Fig. 12).   
 
The relationship between chlorophyll levels and Secchi depth transparencies demonstrates the large 
differences in these parameters in the different bays (Fig. 13).  During most of the spring and summer when 
brine shrimp were present, their grazing activities reduced chlorophyll levels and increased water 
transparency in Gilbert Bay.  This was particularly evident in May when Secchi depths were near 6-7 m, and 
chlorophyll concentrations in the upper water column were < 5 μg/L.  Even at chlorophyll concentrations <1 
μg/L Secchi depths did not exceed 6 m.  This was likely the result of the Secchi depth being truncated by the 
very high turbidity of the deep brine layer which begins around 6 m.  By November, when shrimp had 
largely disappeared, chlorophyll levels in Gilbert approached those of Farmington Bay and water 
transparency decreased.  The relationship between chlorophyll levels and Secchi transparency was poor in 
Bear River Bay during the spring because of the high inorganic sediment load transported by this river.  Even 
when chlorophyll levels were as low as 6 μg/L, the Secchi depth in Bear River Bay was less than 1 m (Fig. 1, 
Appendix 1).   
 
Synoptic analyses of lake-wide patterns 
The three synoptic analyses were completed in mid-May, late June, and in November/December.  The results 
are summarized in maps and the detailed results are given in Appendix 1. 
 
May 17-20 Synoptic─During May, discharges into the lake were dominated by the Bear River and to a lesser 
extent the Goggin Drain and this had a large influence on patterns in the lake.  A physical-chemical profile at 
Station 2 demonstrates how the fresher, less dense water from the Bear River and Farmington Bay can 
overflow the dense, salty water of Gilbert Bay (Fig. 14).  At this station in May, conductivities were reduced 
substantially in the surface water, and increased with depth.  When the deep-brine layer was reached near 6 
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m, the water became anoxic.  On this date, temperatures decreased from 22°C at the surface to below 10°C at 
8 m.  At stations further from the inflows, or when high winds mixed the upper water column, the change in 
conductivity (salinity) in the surface strata were not so pronounced. 
 
Salinities during May were near or less than 1% in Bear River Bay and the south end of Farmington Bay (Fig. 
15).  In the north end of Farmington Bay salinities were near 2%.  The relative fresh water from the Bear 
River swept across Ogden Bay and the northern end of Gilbert Bay and surface salinities there were 9.5-
11.0%.  Salinities in the SE part of Gilbert Bay were also relatively low near the discharge of the Goggin 
drain.  Optical brighteners, indicators of domestic waste water discharges, were high in both Farmington and 
Bear River Bays, and low in Gilbert Bay. 
 
During May chlorophyll levels (measure of phytoplankton concentrations) were moderate at the south end of 
Farmington Bay, but reached 124 μg/L in the north end (Fig. 15, Appendix 1).  Chlorophyll concentrations in 
Bear River Bay were also high (30-70 μg/L).  Chlorophyll concentrations in Gilbert Bay were very low.  In 
the NW part of the bay they were less than 0.5 μg/L.  In the much of the rest of the lake concentrations were 
1-2 μg/L, but reached 5 μg/L on the SE side of the lake at some stations.  MODIS satellite imagery from May 
18th confirmed the spatial distribution of chlorophyll, with high concentrations in Farmington Bay, low 
concentrations near the river outflows and in Ogden Bay, and very low concentrations throughout the 
remainder of Gilbert Bay.  Phycocyanin and phycoerthrin pigment (cyanobacteria indicators) concentrations 
were moderate in both Bear River and Farmington Bays, detectable near the outflow of Goggin drain, and 
usually undetectable in the rest of Gilbert Bay (Appendix 1). 
 
The isotopic analyses of plankton during the May synoptic indicated only minor influence of Bear River Bay 
or Farmington Bay on the plankton in Gilbert Bay, but lost samples made it difficult to entirely assess 
patterns (Fig. 16).  Seston δ13C signatures were distinctive only in Bear River Bay, where isotopic 
enrichment was higher (-12 to -14) than in the rest of the lake where samples were available.  The δ13C 
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signatures of zooplankton were distinctive in the southern end of Farmington Bay and in the northern end of 
Bear River Bay, but the δ13C data showed little indication that the export from these bays was influencing the 
isotopic signatures of zooplankton in Gilbert Bay, with the exception of two stations located close to the 
Farmington Bay breach.  The δ15N signatures of zooplankton in Gilbert Bay, however, suggested a moderate 
influence of the Bear River Bay and/or Farmington Bay export, as zooplankton in Ogden Bay and in the 
western flow path towards the railway breach had isotopic ratios similar to those in the contributing bays.  
The pattern of δ15N isotopic ratios in the Gilbert Bay zooplankton is similar to that of the MODIS-derived 
chlorophyll pattern, albeit more pronounced. 
  
Zooplankton biomass during the May synoptic showed that there were very low densities of plankton in Bear 
River Bay and in the southern end of Farmington Bay where discharges were high (Bear River) or moderate 
(channel of Farmington Bay).  The highest consistent zooplankton biomasses were in the NE portion of 
Gilbert Bay under the influence of nutrient discharges from Bear River Bay and Farmington Bay (Fig. 17).  
However, zooplankton (Artemia) biomasses where high at two other stations distant from the freshwater 
inflows. 
 
June 20-23rd Synoptic–During the late June synoptic, discharges to the Gilbert Bay had decreased, and were 
co-dominated by the outflow of Bear River Bay into the NE part of the lake and by Goggin Drain into the SE 
region.  Salinities during June were less than 1% in Bear River Bay and the two southern stations in 
Farmington Bay, but increased to 2-3% in the north end of the Farmington (Fig. 18; Appendix 1).  The 
relative fresh water from the Bear River flowed westward towards the Railway Breach decreasing salinities 
in Gilbert Bay to 9-12%.  The strong inflows from the Goggin Drain (salinity not measured, but presumably 
<<1%), decreased the salinities to <12% in the SE corner of Gilbert Bay.  Relative concentrations of optical 
brighteners were very high at most of the stations in Farmington Bay and low-moderate in Bear River Bay.  
Brightener concentrations in Gilbert Bay were somewhat elevated near the major inflows, but strangely 
concentrations of these wastewater indicators were low in Ogden Bay.   
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During June, the chlorophyll concentrations in Farmington Bay remained very high (>90 μg/L) at all but the 
SE station (Fig. 18).  Chlorophyll concentrations in Bear River Bay were < 40 μg/L.  The chlorophyll levels 
in Gilbert Bay had increased significantly from the May synoptic to a mean level of 14 μg/L, and showed 
only minor influences of flows from the feeder bays.  The MODIS image from this period showed rather 
uniform levels of chlorophyll across Gilbert Bay, with the exception of somewhat lower concentrations in the 
south and SW.  In late June, the cyanobacterial indicators, phycocyanin and phycoerthrin were high in 
Farmington Bay, moderate in Bear River Bay, and near zero at most stations in Gilbert Bay (Appendix 1).  
Small amounts of these pigments were, however, detected at Gilbert Bay stations near the outfalls of the two 
feeder bays. 
 
The isotopic δ13C signatures of seston during the June synoptic were elevated in the northern stations of 
Farmington Bay (Fig. 19), and the outflow from this bay appeared to impact the two stations in Gilbert Bay 
closest to the breach in the automobile causeway (Station 1, 23).  However, δ13C signatures of seston at other 
stations in Gilbert Bay showed little influence of the seston flowing out of either Bear River or Farmington 
Bays.  Similarly, the δ13C signatures of zooplankton in Gilbert Bay indicated relatively little influence from 
the seston leaving Farmington or Bear River Bays.   
 
In contrast, the δ15N signatures of seston in the northern end of Farmington Bay were very low in June (-0.8 
to 0.9), and these low enrichments were manifest in the seston of several stations extending at least 20 km 
into Gilbert Bay (Fig. 19; Appendix 1).  The brine shrimp in Gilbert Bay, however, were relatively 
uninfluenced by the low-signature seston plume, except, perhaps, at the station closest to the Farmington Bay 
Breach (Sta. 1).  Similarly, neither the δ13C or the 15N signatures from Bear River Bay were manifest in the 
plankton in Gilbert Bay. 
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Zooplankton biomasses during the June synoptic were very low in Bear River Bay and high-moderate in 
Farmington Bay (Fig. 20).  In Gilbert Bay there was no indication of an influence of the feeder bays on the 
abundance of brine shrimp biomass.  The highest biomasses were recorded far from the inflows (Carrington 
Bay) and in the southwest corner of the lake at, or near, stations where zooplankton biomasses were high 
during the May synoptic. 
 
November 28th–December 2nd  Synoptic (November synoptic).  During late November and early December, 
flows had increased moderately from Bear River Bay and were about four times that coming out of 
Farmington Bay.  During this sampling period, both Bear River Bay and Farmington Bay were frozen over 
and we were only able to sample at the bridges over these water sources.  Salinities in Farmington Bay, and 
particularly Bear River Bay were low.  The low-salinity water coming out of Bear River Bay reduced the 
surface water salinity at stations in Gilbert Bay near the outflow (Fig. 21).  Optical brighteners during the late 
November synoptic were elevated over other levels during the other months.  The increase in optical 
brighteners during November may have been due to a calibration error; however, the relative differences in 
concentrations were still large in the different bays.  Optical brighteners in Bear River Bay were very low, 
but very high in the water leaving Farmington Bay.  The southern end of Gilbert Bay had moderate levels of 
brighteners, whereas the northern area influenced by outflow from Bear River Bay were much lower. 
 
 Sampled chlorophyll levels during the November synoptic were relatively high throughout the lake 
(Fig. 21) and ranged from 6 ug/L in water leaving Bear River Bay, to 36-38 ug/L in Farmington Bay and 
Ogden Bay waters.  Gilbert Bay, however, had chlorophyll concentrations only a bit lower than in 
Farmington Bay.  The MODIS satellite image that was available for this period was from December 3rd, 2-3 
days after the field samples were collected in Gilbert Bay.  The satellite image showed a great deal of 
heterogeneity in chlorophyll levels, with 3-5 fold differences across Gilbert Bay.  The southern end of the 
lake was covered by clouds during the satellite pass, and as a result, limited MODIS chlorophyll values were 
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available.  It is possible that the variability in estimated chlorophyll levels seen in this image were due to 
atmospheric disturbances over the lake or optical lake conditions influenced by seasonal changes. 
 
In late November, the isotopic signatures of the plankton in Gilbert Bay showed little indication that they 
were influenced by the outflows of Bear River or Farmington Bays (Fig. 22).  Seston δ13C signatures were, 
however, distinctive in the NE corner of Gilbert Bay, but this pattern was not reflected in the zooplankton.  
Data from some stations in Gilbert Bay suggested that the low δ15N signatures of seston in the feeder bays 
were influencing the NE zone, but other stations along Stansbury Island, distant from the inflows of the 
feeder bays, were also moderately low.  Zooplankton δ15N signatures were relatively low in both Bear River 
and Farmington Bays, but those low signatures were not strongly reflected in the outflow areas in Gilbert 
Bay. 
 
Zooplankton biomasses during the November synoptic were again very low in Bear River Bay 
(bridge outflow) and moderately low in Farmington Bay.  In Gilbert Bay Artemia biomasses were 
somewhat lower than during the previous synoptics, but showed no distinctive spatial pattern 
around the lake. 
 
Remote Sensing: 
A total of 53 samples from the synoptic surveys in May, June and November/December of 2006 were used 
for the experimental dataset to test the relationship between field-measured chlorophyll (extracted 
chlorophyll, μg/L), and the chlorophyll estimate from MODIS imagery.  The best images available for the 
dates of the synoptic surveys were May 18, June 24 and December 3.  The standard MODIS algorithm 
consistently overestimated chlorophyll concentration relative to direct measures of field-collected samples 
(Fig. 24).  To calibrate the imagery for use in the Great Salt Lake, four regression analyses were performed: 
linear (r2 = 0.76); logarithmic (r2= 0.86); power (r2 = 0.90), and; 2nd degree polynomial (r2 = 0.92).  Out of 
the four, the polynomial equation [1] was identified as the best fit based on both the r2 value, standard error 
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of estimate (STE = 4.1 μg/L), and a subjective interpretation of the goodness of fit.  This equation allows for 
the conversion of standard MODIS chlorophyll data to Great Salt Lake specific chlorophyll concentration. 
 
 [1] extracted chl = -0.0021 * (MODIS chl)2 + 0.531 * MODIS chl – 0.598 
 
The nature of  2nd degree polynomials ensured that the algorithm would be characterized by a maximum 
effective chlorophyll value.  Once this value is reached, increasing MODIS chlorophyll values produce 
decreasing GSL chl concentrations.  Using equation 1, the maximum effective MODIS chlorophyll value 
was determined to be 129 ug/L, which translated to 33.5 ug/L GSL chl.  This value is in the range of what is 
considered a typical maximum effective chlorophyll concentration for MODIS water algorithms.  In 
subsequent graphs, MODIS chlorophyll values exceeding the cutoff point were given GSL chl values of 40 
ug/L. 
 
The validation dataset was composed of 26 points based on monthly sampling data from the USGS from 
May, June, July, August, September, November and December of 2006 in deep-water stations of Gilbert Bay.  
The best available images were from May 23, June 21, July 26, August 29, August 31, September 28, 
November 1, November 17, December 6 and December 7.  A comparison of Great Salt Lake-specific 
MODIS chlorophyll concentrations (produced using equation [1]) to extracted chlorophyll of the validation 
data exhibited a close correlation (Figure 25).  The linear equation [2] was characterized by an r2 of 0.84 and 
a root mean square error (RMSE) of 5.2 μg/L. 
 
 [2] extracted chl = 0.998 * GSL-MODIS chl + 0.525 
 
Spatial patterns of chlorophyll in the Great Salt Lake measured with the MODIS satellite are shown in Figure 
26.  Chlorophyll levels in Farmington Bay and sometimes Bear River Bay were frequently too high for the 
satellite’s algorithm to calculate and clouds or haze sometimes obscured parts of the lake.  The images show 
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a rapid decline in chlorophyll levels across Gilbert Bay during May and a recovery by late June.  Plumes of 
chlorophyll-rich water from Farmington Bay are visible extending many kilometers into Gilbert Bay on 30 
May and 24 June.  A similar plume was visible in the 2 August MODIS image (Fig. 26b)  High chlorophyll 
levels were also evident north of the Antelope Island Causeway on 7 July, perhaps as the result of 
Farmington Bay outflows or potentially from Weber River inputs.  The September-December MODIS 
imagery frequently showed high variability across the lake, with 2-3 X differences common (Fig. 26c).  On 
23 September, a distinctive plume of chlorophyll-rich water extended from the Farmington Bay outfall nearly 
all the way across Gilbert Bay.  High chlorophyll levels were also evident in the SW corner of the lake. 
 
An analysis of annual patterns of the MODIS imagery demonstrated the dynamic nature of chlorophyll levels 
in the lake, and some subtle differences in concentrations in different parts of Gilbert Bay.  To summarize the 
spatial and temporal trends, we utilized MODIS chlorophyll estimates from 77 images between April 3, 2006 
and December 24, 2006 at five specific stations in Gilbert Bay (Figure 27).  The data show high levels of 
chlorophyll in April, a rapid decline to concentrations less than 2 ug/L through May and early June when 
brine shrimp populations developed, followed by a rapid increase in mid-  Through most of the summer 
chlorophyll trended down, reaching 2-3 ug/L in September.  With cooler water temperatures that inhibit 
grazing, and a likely decline in brine shrimp populations, chlorophyll levels rose again, reaching mean levels 
near 30 μg/L in November.    
 
The overall differences between different parts of the lake are not large, but some differences can be detected, 
particularly in mid-summer (Figure 28).  During the summer and much of the fall, the Northwest part of the 
lake (green diamonds) almost always had low chlorophyll levels relative to other sections.  The northeast part 
of the lake (red squares) closer to the Farmington Bay discharge usually had higher chlorophyll levels than 
other parts of the lake over much of the summer.  These spatial differences, however, were small compared 
to the strong temporal changes in chlorophyll in the lake. 
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Discussion 
Nutrient and Grazer Control of Phytoplankton─An important characteristic of plankton in the Great Salt 
Lake is that populations of phytoplankton are controlled both by nutrients (bottom-up control of the food 
web), and by grazing by brine shrimp (top-down control).  The phytoplankton abundance at any one time 
reflects the balance of the birth and death processes that are largely controlled by nutrients and the biomass 
and grazing rate of the brine shrimp.  When brine shrimp are absent in the winter, when grazing rates are low 
due to cold temperatures, or when predators eliminate shrimp, phytoplankton can proliferate in the lake 
(Wurtsbaugh 1992).  The large swings in chlorophyll levels in the lake detected with MODIS imagery are 
likely driven primarily by dynamic changes in the abundance of brine shrimp grazers.  For example, the 
decrease in chlorophyll levels in May occurred as the hatching brine shrimp cohort(s) developed, and the 
large increase in chlorophyll in June coincided with a 50% decrease in the abundance of juvenile and adult 
shrimp (Utah Division of Wildlife Resources, unpublished data).  Thus the high nutrient loading levels to the 
lake set the maximum chlorophyll levels observed in the winter and occasionally at other times, whereas the 
grazing by the brine shrimp determines the low levels observed at times in the spring and summer. 
 
In the bays of the Great Salt Lake the salinity is likely crucial in determining what nutrient controls 
phytoplankton growth.  In Farmington Bay, phosphorus controls algal growth at salinities <5%, whereas 
nitrogen (or light) is the regulating factor at higher salinities (Marcarelli et al. 2006).  Although the N:P ratio 
of river water entering Gilbert Bay is high, and suggestive of P limitation, it is not.  TN:TP ratios can be 
quite misleading with respect to nutrient limitation because much of the nitrogen and sometimes the 
phosphorus transported into lakes is not bioavailable (Lewis and Wurtsbaugh, in press).  Bioassay 
experiments have demonstrated that algal growth in Gilbert Bay is limited by supplies of bioavailable 
nitrogen (Stephens and Gillespie 1976; Wurtsbaugh 1988), probably as the result of two factors.  First, in 
high-sulfate waters like Gilbert Bay, it is likely that phosphorus is not locked up in the sediments (Blomqvist 
2004), but rather is easily released into the water column, thus explaining the high concentrations of 
dissolved P observed in the lake (Wurtsbaugh and Marcarelli 2004).  Secondly, in the high salinity of Gilbert 
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Bay, nitrogen fixing cyanobacteria cannot grow, and they thus cannot alleviate the nitrogen deficiency there.  
The sources of nitrogen entering Gilbert Bay thus control primary production by phytoplankton.  
Phytoplankton abundance, in turn, controls the growth, cyst production and abundance of brine shrimp 
during the spring-fall (Wurtsbaugh and Gliwicz 2001). 
 
Eutrophication─ Naftz et al. (2000) documented how pollution, in general, has increased proportional to 
population growth in the Salt Lake Valley.  The extreme nutrient loading to Farmington Bay from the 
wastewater treatment plants that serve this populace results in massive phytoplankton blooms, anoxia, odor 
problems and often a dominance of cyanobacteria (Coburn and Eckhoff. 1972; Israelsen et al. 1972; 
Wurtsbaugh and Marcarelli 2006).  The toxins produced by the massive blooms of these cyanobacteria 
exceed by 10-fold the limits established by the World Health Organization (2003) for contact recreation, and 
also far exceed concentrations that have been shown to cause mortalities in aquatic birds (Alonso-
Andicoberry et al. 2002).  During the June synoptic reported here, cyanotoxin concentrations exceeded the 
WHO guidelines by five-fold.  Nighttime anoxia of the entire water column occurs throughout the summer 
and prolonged anoxic events for several days have been noted after strong wind events.  For much of the 
summer the only abundant invertebrate is an air-breathing corixid insect (Wurtsbaugh and Marcarelli 2006).  
Farmington Bay thus does not meet the Beneficial Use Criteria assigned to it for Primary Contact Recreation 
and for the Protection of Aquatic Wildlife. 
 
Nutrient loading to Gilbert Bay is also substantial, thus explaining the abundance of phytoplankton there 
when top-down control by brine shrimp is released.  The loading of nitrogen into Gilbert Bay from Bear 
River Bay and Farmington Bay from May-December was 1.2 g m-2, but a substantial load occurs from the 
Bear River in March and April, as well as from the Goggin Drain in the spring.  We conservatively estimate 
this additional loading at 2,200 kg based on known discharges and estimated nitrogen concentrations.  This 
yields a partial nitrogen loading estimate of 2.3 g m-2, which does not include contributions from the Weber 
River or for any of the inflows in January and February.  In a lake with a mean depth of 5 m the nitrogen a 
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loading of 2.0 g m-2 is considered “dangerous” for freshwater lakes (Vollenweider 1975).  A large portion of 
the nitrogen (perhaps half) is likely due to wastewater, industrial and non-point sources.  Although a much 
more complete nutrient budget is needed for the lake, it is clear that nitrogen loading levels to the lake are 
high, thus explaining the high production in the system.    
 
Most terminal, saline lakes are naturally very productive because nutrients flowing into them accumulate, 
rather than being washed out in downstream rivers.  We do not have good data to determine the natural 
trophic state of the Great Salt Lake.  However, paleolimnological analyses of sediment cores could be used to 
estimate the productivity of the lake over the last several hundred years.  Analyses of this type in both 
Farmington Bay and Gilbert Bay could determine the magnitude of eutrophication that has been caused by 
the increasing population in the watershed.  This work could also establish if there is an upward trend in 
eutrophication.  This analysis is particularly important because the population in the valley is expected to 
grow by 250% in the next 50 years and increased nutrient loading to the lake by these residents will likely 
stimulate eutrophication further. 
 
This eutrophication in Gilbert Bay likely has both positive and negative impacts.  The high loading and 
subsequent substantial production of algae and brine shrimp may be beneficial for the cyst harvesting 
industry and for the migratory birds that rely on shrimp as a food source.  The high nutrient loading could 
also stimulate the growth of algal periphyton on the stromatolites in the lake, thus promoting brine flies that 
are also an important food resource for birds (Wurtsbaugh 2008).  However, this algal growth on the 
periphyton could also be negatively influenced by the high phytoplankton populations that would restrict 
light penetration to the benthic stromatolites.  When chlorophyll levels of the phytoplankton are high, and 
Secchi depths decrease to 0.8 m or less, the photic zone where periphyton could grow declines to about 2 m, 
(Wetzel and Likens 2000).  Stromatolites at, or below that depth would consequently produce little when the 
lake is turbid.  The relative contribution of the nutrient→phytoplankton→brine shrimp food web, relative to 
the nutrient→periphyton→brine fly pathway needs more attention. 
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A potential negative impact of the eutrophication in the Great Salt Lake is the loss of oxygen in the deep-
brine layer (monimolimnion).  The deep brine layer is produced as a consequence of the railway causeway, 
and the resulting bi-directional flow that brings saturated brine into the bottom of Gilbert Bay from the 
northern hypersaline Gunnison Bay (Loving and Waddell 2000).  Organic matter in Gilbert Bay that 
sediments into this layer decomposes and strips the brine of oxygen and produces highly reducing conditions 
(Appendix 1).  The anoxia allows hydrogen sulfide (rotten-egg smell) gas to be produced.  A similar process 
occurs in Farmington Bay when the higher density water of Gilbert Bay under-flows the fresher water in 
Farmington.  This layer also becomes anoxic and develops high levels of hydrogen sulfide (Wurtsbaugh and 
Marcarelli 2004a).  High winds can disrupt the deep brine layer, at least in Farmington Bay, releasing the 
hydrogen sulfide from the water and perhaps from the sediments.  This contributes to odor events (“lake 
stink”), although the relative contribution of Farmington Bay and Gilbert Bay is unknown.  Farmington Bay 
is likely more to blame because a survey of people working, recreating or living around the lake indicated 
that the highest odors were associated with Farmington Bay (W. Wurtsbaugh, unpublished data).  The release 
of hydrogen sulfide not only causes odor problems, but this molecule reacts with oxygen in the water and 
thus can strip the entire column of oxygen for up to 2.5 days (Wurtsbaugh and Marcarelli 2004b).  A similar 
phenomenon has been described in the hypereutrophic Salton Sea, and these anoxic events kill phytoplankton, 
zooplankton and fish (Watts et al. 2001; Marti-Cardona et al. 2008).  The degree to which eutrophication 
contributes to these anoxic events in the Great Salt Lake consequently deserves greater attention. 
 
An additional problem caused by the deep brine layer and the anoxia there is that it provides a sulfide-rich 
reducing environment promotes the methylation of mercury, to produce the most toxic form of this 
compound.  Methylation has not yet been measured in the Great Salt Lake, but extremely high concentrations 
of methyl-mercury are found in the deep brine layer (Naftz et al. 2008).  Although eutrophication produces 
conditions that facilitate methylation, the deep brine layer formed as the result of the railway causeway is the 
underlying problem, as the monimolimnia of even oligotrophic lakes become anoxic when the high stability 
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of these layers prohibits annual mixing and contact with the atmosphere.  The monimolimnia underlying 
Gilbert Bay is likely not entirely stable due to the high wind shear and wave energy exerted on it, and 
consequently the eutrophication amplifies anoxia and reducing conditions in the layer. 
 
A portion of the extraordinarily high algal production in Farmington Bay may contribute to high brine 
shrimp production in the lake.  Although very high brine shrimp densities can develop in Farmington Bay in 
the spring, these populations are not sustained because of the development of harsh conditions, abundant 
toxic cyanobacteria, and particularly the development of large populations of water boatman (Corixidae) 
predators (Wurtsbaugh and Marcarelli 2006).  A portion of the high production is, however, exported to 
Gilbert Bay where it may support brine shrimp production.   
 
The isotopic analysis of the seston (phytoplankton + detritus) and the zooplankton also provides some 
insights on the potential contribution of the plankton produced in Farmington Bay to the brine shrimp in 
Gilbert Bay.  Our results showed that in June the seston exported from Farmington Bay had a distinctively 
light δ15N signature (<5) that extended NW across the northern end of Gilbert Bay (Fig. 19).  However, the 
brine shrimp in Gilbert Bay did not reflect this signature, suggesting that they were not feeding effectively on 
the seston exported from Farmington Bay.  Additionally, there was little isotopic evidence that the seston 
exported from Farmington or Bear River Bays in May or November was contributing substantially to the diet 
of brine shrimp during these months.  These results contrast with the analysis of Naftz et al. (2008) who 
found that the nitrogen isotopic content of brine shrimp for 2-3 months in the summer and fall reflected the 
light isotopic ratio of the seston (POM) exported from Farmington Bay, suggesting that the organic matter 
exported from this bay was an important food resource for the shrimp, at least for a portion of the summer.  
The discrepancy between the two sets of results may be due to the timing of our synoptic studies.  The first 
two synoptics in May and June were scheduled to analyze the effects of spring runoff which we expected 
would flush high quantities of seston from both Farmington and Bear River Bays.  However, in 2006, much 
of the water that would have flowed into Farmington Bay was diverted via the Goggin Drain and flowed 
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directly to Gilbert Bay.  Consequently, during the spring, the relative contribution of Farmington Bay water 
was relatively small relative to that in Bear River Bay.  In contrast to Farmington Bay, Bear River Bay did 
not have large blooms of nitrogen-fixing cyanobacteria, and hence it did not export isotopically-light 
nitrogen to Gilbert Bay.  Furthermore the significant nitrogen loading from the Bear River during this period 
and the growth of phytoplankton relying on this nitrogen, would likely have dominated the isotopic signal.  
That is, any contribution of food for brine shrimp from Farmington Bay during this period may have been 
unimportant relative to the nutrient-driven algal growth within Gilbert Bay during the spring.   
 
Another set of isotopic data collected in May and early June, 2005 provides additional information on the 
source of food for brine shrimp (Fig. 28).  In this synoptic survey the δ13C signatures of the zooplankton in 
Farmington Bay were high relative to the brine shrimp in the Great Salt Lake, and this suggests that the 
grazers in these two systems were utilizing different food resources.  The δ14N ratios, however, show similar 
signatures of the brine shrimp in the plume extending from Farmington across Gilbert Bay, as those within 
Farmington Bay itself.  Carbon isotopic signatures provide better indications of food resource than are the 
nitrogen signatures, which are more frequently used as an indication of trophic position (e.g. primary 
producer, herbivore, predator, etc) (Fry 2007).  The isotopic data from this synoptic thus provides only 
limited support for the hypothesis that Farmington Bay is exporting organic material that supports the brine 
shrimp in Gilbert Bay. 
 
On additional approach to address this issue is to compare the particulate nitrogen flux from Farmington to 
Gilbert Bay (Fig. 6) with an estimate of the nitrogen incorporated into the primary producers in Gilbert Bay.  
Using data on primary production in Gilbert Bay (Stephens and Gillespie 1976) and assuming a 16:1 C:N 
molar ratio of fixation), we estimate that Farmington Bay could be supplying about 12% of the daily 
particulate nitrogen for Gilbert Bay from May-November.  This is a small, but significant contribution of 
particulate matter for brine shrimp to feed upon.  It is also consistent with the data of Naftz et al. (2008) that 
suggests that seston export from Farmington Bay may only be important for 2-3 months in the summer.  It is 
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also worth noting that the satellite images that show plumes of chlorophyll-rich water extending from 
Farmington Bay far into Gilbert Bay likely depict just the surficial water mass that may have very different 
characteristics than the underlying water.  The overflow plumes of less dense water may only be 0.5 – 1 
meter thick, and although chlorophyll levels in them may be high and provide food for shrimp grazing in the 
upper water column, the phytoplankton in  the underlying, thicker layer of the lake, might be much less 
concentrated.   
  
Remote Sensing in the Great Salt Lake–The Great Salt Lake specific MODIS algorithm described in this 
study [Equation 1] is useful over the range of chlorophyll concentrations normally found throughout the main 
water body from March to December.  Validation results [ Equation 2] exhibit a close match to the 1:1 line, 
indicating a lack of bias at extreme chlorophyll concentrations (both low and high).  The standard error (STE 
= 4.1 ug/L) of the algorithm regression and root mean square error (RMSE = 5.2 ug/L) of the validation 
regression are substantially less than other published algorithms developed for detection of chlorophyll 
concentration in inland waters (Dall’Olmo et al. 2005, STE = 8.6 μg/L, RMSE = 13.7 μg/L; Gons et al. 2002, 
STE = 8.3 ug/L).  While the wider range of chlorophyll values in these studies (4-217 μg/L for Dall’Olmo et 
al., 3-181 μg/L for Gons et. al.) might inherently produce higher STE and RMSE values, the higher sample 
numbers in these studies (144 for Dall’Olmo et al., 114 for Gons et. al.) should have served to counter the 
magnitude of error in these algorithms. 
 
Although the algorithm presented here has a lower error than other inland water algorithms, a degree of 
uncertainty cannot be avoided in techniques for remote sensing of chlorophyll.  This error may be most 
noticeable in lower range of chlorophyll concentrations, due to the small magnitude of the measurement in 
comparison to the potential uncertainty of the algorithm.  All remote sensing algorithms for water rely on a 
successful atmospheric correction technique, which may not yield equally effective results under all 
atmospheric conditions.  Thus, some of the inaccuracies may be due to differences in this correction from 
day to day.  Other substances in the water of the Great Salt Lake may also introduce error into the 
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chlorophyll calculations, since both colored dissolved organic matter (CDOM) and suspended sediments 
absorb at wavelengths similar to chlorophyll absorption.  Finally, phytoplankton undergo physiological 
changes over the course of the year, and throughout each day, which may introduce error into the algorithm.  
Whereas a satellite’s remote sensors measure phytoplankton absorption, but the amount of energy absorbed 
by a given amount of chlorophyll can vary as a result of the light history, nutrient concentration and 
physiological state of an individual phytoplankter.  
 
A shortcoming of the algorithm development method presented here is lack of pixels representing 
Farmington Bay in the majority of the level two satellite images acquired from the NASA Ocean Color 
Group data distribution system.  One explanation for the missing pixels is the high levels of chlorophyll 
commonly found in Farmington Bay.  Assumptions built in to NASA processing might be violated in this 
area of the lake, causing the return of a chlorophyll value of -1 (signifying algorithm failure).  While it may 
be possible to rewrite the SeaDAS IDL processing code to address the extreme chlorophyll conditions in the 
bay, such an investment was above and beyond the scope of this grant.  A second explanation for the lack of 
pixels in Farmington Bay could be the corruption of the water pixels by stray light bouncing off land from 
shore or Antelope Island.  Even a small of amount of stray light can pollute the pixel to the point at which it 
is no longer useful for chlorophyll calculations. 
 
In spite of these shortcomings, the algorithm presented in this report represents the first chlorophyll remote 
sensing technique developed for the Great Salt Lake, and does a respectable job of measuring chlorophyll 
concentrations in this water body.  With an r2 value of 0.92 and a STE of 4.1 ug/L, this technique represents a 
viable method of the tracking chlorophyll patterns in the main body of the Great Salt Lake.  The principal 
downfall of the MODIS chlorophyll algorithm, the effect of CDOM and suspended sediments, seem to be 
less important in this system than in other inland water bodies.  This perhaps can be attributed to the 
chlorophyll concentrations being largely influenced by nutrient input from Farmington Bay and the Bear 
River, which are also the main sources of these problematic inorganic substances.  In any case, this method 
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offers the possibility of understanding the temporal and spatial dynamics of phytoplankton in the Great Salt 
Lake on at a level not possible with traditional sampling techniques.  In addition, the sample collection and 
satellite processing accomplished as part of this study may provide the opportunity for improved remote 
sensing techniques to be developed in future studies. 
 
The MODIS satellite produces striking images that frequently show strong differences in chlorophyll 
concentrations across the lake.  However, subsequent images sometimes fail to show hardly any spatial 
pattern.  It is likely that the frequent strong winds on the lake cause both vertical and horizontal mixing that 
homogenizes the phytoplankton in the lake.  As mentioned earlier, the distinctive plumes of phytoplankton 
extending out from Farmington Bay into Gilbert Bay are likely the result of the fresher water from 
Farmington overflowing in a shallow layer atop the denser brine of Gilbert Bay.  This overflow phenomenon 
would be overcome by winds and waves that would mix the plumes vertically in the water column.  Similarly, 
winds may induce a great deal of horizontal mixing.  Rich (2002) measured mean and maximum current 
velocities in Gilbert Bay of 0.17 and 0.35 km/h (0.10 and 2.2 miles/h).  At the mean velocity, currents would 
move a parcel of water 28 km within the lake over a 1-week period.  The strong homogenization by winds 
and currents, thus presents an important force that minimizes strong horizontal gradients in the abundance of 
nutrients and plankton in the lake. 
 
Although there were nevertheless some distinct spatial differences in the lake, the MODIS imagery was even 
more useful in showing very sharp and pronounced temporal trends in the abundance of phytoplankton in the 
lake (Fig. 28).  These seasonal trends are likely driven by the combined effect of nutrient loading from Bear 
River and Farmington Bays that provides bottom-up stimulation of the phytoplankton, and the extremely 
strong top-down control by brine shrimp grazing when populations are high (Wurtsbaugh 1992).  The sudden 
changes in chlorophyll concentrations during the summer are likely driven by booms and busts in the 
population of the brine shrimp as they utilize the abundant phytoplankton in the lake, and then overgraze it 
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and starve to death.  Future work should couple analyses of the temporal spatial distribution of phytoplankton 
in the lake that can be obtained with MODIS, with frequent sampling of the brine shrimp in the lake. 
 
 
References 
Alonso-Andicoberry, C., et al. 2002. Catastrophic mortality of flamingos in a Spanish national park caused 
by cyanobacteria. Costas E. Vet Rec. 151: 706–707. 
Barras, S.C. and J.A. Kadlec.  2000.  Abiotic predictors of avian botulism outbreaks in Utah.  Wildlife 
Society Bulletin 28: 724-729. 
Blomqvist, S., A. Gunnars, and R. Elmgren. 2004. Why the limiting nutrient differs between temperate 
coastal seas and freshwater lakes: A matter of salt.  Limnol. Oceanogr. 49: 2236-2241. 
Carmichael, W. W. and J. An (1999) Using an enzyme linked immunosorbent assay (ELISA) and a protein 
phosphatase inhibition assay (PPIA) for the detection of microcystins and nodularins. Natural Toxins. 
7:377-385.   
Coburn, A. and D.W. Eckhoff.  1972.  Pollution input from the lower Jordan Basin to Antelope Island 
estuary.  In. The Great Salt lake and Utah’s water resources.  Am. Wat. Res. Assoc., Utah Section, 
Annual Conf., 1st, Proceedings.  Pp. 104-120. 
Cohn, T.A., 1988. Adjusted Maximum Likelihood Estimation of the Moments of Lognormal Populations 
from Type I Censored Samples. U.S. Geological Survey Open-File Report 88-350, Washington, D.C., 34 
p. 
Cohn, T.A., Gilroy, E.J., and Baier, W.G., 1992. Estimating Fluvial Transport of Trace Constituents Using a 
Regression Model with Data Subject to Censoring. In: Proceedings of the Joint Statistical Meeting, 
Boston, August 9–13, 1992, pp. 142–151. 
Dall’Olmo, G., and A. A. Gitelson. 2005. Effect of bio-optical parameter variability on the remote estimation 
of chlorophyll-a concentration in turbid productive waters: experimental results. Applied Optics 44: 412-
422. 
Dall'Olmo G, Gitelson AA, Rundquist DC, et al. 2005.  Assessing the potential of SeaWiFS and MODIS for 
estimating chlorophyll concentration in turbid productive waters using red and near-infrared bands.  
Remote Sensing of Environment  96: 176-187. 
Fishman, M. J., 1993, Methods of analysis by the U.S. Geological Survey National Water Quality 
Laboratory; determination of inorganic and organic constituents in water and fluvial sediments: U.S. 
Geological Survey Open-File Report 93-125, 217 p. 
 36
Fry, B.  2007.  Stable isotope ecology.  Springer.  New York. 
Israelsen, C.E., D. Sorenson, A. Seirstad and C. Brennand. 1985. Preliminary identification, analysis, and 
classification of odor-causing mechanisms influenced by decreasing salinity of the Great Salt Lake. Utah 
Water Research Laboratory, USU, Logan, UT. 
Gons, H.J., M. Rijkeboer, and K. G. Ruddick. 2005. Effect of a waveband shift on chlorophyll retrieval from 
MERIS imagery of inland and coastal waters.  Journal of Plankton Research 27: 125 - 127. 
Hotto, A., M. Satchwell, and G. Boyer  (2005a)  Seasonal production and molecular characterization of 
microcystins in Oneida Lake, New York, USA.  Environmental Toxicology. 20:243-248. 
James KJ, Furey A, Sherlock IR, et al. 1998.  Sensitive determination of anatoxin-a, homoanatoxin-a and 
their degradation products by liquid chromatography with fluorimetric detection.  J. Chromatography A 
798 (1-2): 147-157. 
 James, K. J., and I. R. Sherlock  (1996)  Determination of the cyanobacterial neurotoxin, anatoxin-a, by 
derivatization using 7-fluoro-4-nitro-2,1,3- benzoxadiazole (NBD-F) and HPLC analysis with 
fluorimetric detection.  Biomed. Chromatogr. 10:46-47. 
Kadlec, J.A.  2002.  Avian botulism in Great Salt Lake marshes: perspectives and possible mechanisms.  
Wildlife Soc. Bull.  30:983-989. 
Lewis, W.M. Jr. and W.A. Wurtsbaugh.  In Press.  Control of lacustrine phytoplankton by nutrients: Erosion 
of the phosphorus paradigm.  Review of Hydrobiology.   
Loving, B. L., Waddell, K. M., 2000, Water and salt balance of Great Salt Lake, Utah, and simulation of 
water and salt movement through the causeway, 1987-1998: U.S. Geological Survey Water-Resources 
Investigations Report 00-4221.  
Marcarelli, A.M., W.A. Wurtsbaugh and O. Griset. 2006. Salinity controls phytoplankton response to 
nutrient enrichment in the Great Salt Lake, Utah, USA. Can. J. Fish. Aquat. Sci. 63:2236-2248. 
Marti-Cardona, B; Steissberg, TE; Schladow, SG. and S.J. Hook.  2008.  Relating fish kills to upwellings and 
wind patterns in the Salton Sea.  Hydrobiologia 604: 85-95. 
Naftz, D.L., Stephens, D.W., Callender, E., Van Metre, P.C., 2000.  Reconstructing historical changes in the 
environmental health of watersheds by using sediment cores from lakes and reservoirs in Salt Lake 
Valley, Utah. US Geol. Surv. Fact Sheet FS-164-00. 
Naftz, D., C. Angeroth, T. Kenney, B. Waddell, N. Darnall, S. Silva, C. Perschon, J. Whitehead.  2008.  
Anthropogenic influences on the input and biogeochemical cycling of nutrients and mercury in Great 
Salt Lake, Utah, USA.  Appl. Geochem., doi:10.1016/j.apgeochem.2008.03.002.   
Patton, Charles J.; Truitt, Earl P., 1992, Methods of analysis by the U.S. Geological Survey National Water 
Quality Laboratory; determination of the total phosphorus by a Kjeldahl digestion method and an 
 37
automated colorimetric finish that includes dialysis: U.S. Geological Survey Open-File Report 92-146, 
39 p. 
Patton, Charles J.; Kryskalla, Jennifer R., 2003, Methods of analysis by the U.S. Geological Survey National 
Water Quality Laboratory : evaluation of alkaline persulfate digestion as an alternative to Kjeldahl 
digestion for determination of total and dissolved nitrogen and phosphorus in water: U.S. Geological 
Survey Water-Resources Investigations Report 2003-4174, 33p. 
Stephens, D.W. and D.M. Gillespie.  1976.  Phytoplankton production in the Great Salt Lake, Utah and a 
laboratory study of algal response to enrichment.  Limnol. Oceaogr. 21:74-87. 
Rich, J.  2002.  Great Salt Lake south arm circulation:  currents, velocities and influencing factors.  Pp. 171-
183 In, J.W. Gwynn (ed.)Great Salt Lake: an overview of change.  Utah Department of Natural 
Resources, Utah Geological Survey Special Publication.  Salt Lake City, Utah. 
Runkel, R.L., Crawford, C.G., and Cohn, T.A., 2004. Load estimator (LOADEST): A FORTRAN Program 
for Estimating Constituent Loads in Streams and Rivers. In: U.S. Geological Survey Techniques and 
Methods Book 4, Chap. A5, 69 p.  
Turner Designs (no date).  Optical Brighteners.  http://www.turnerdesigns.com/ t2/doc/ appnotes/S-0080.pdf 
US Environmental Protection Agency, 1997. Determination of carbon and nitrogen in sediments and 
particulates of estuarine/coastal waters using elemental analysis method 440.0, Revision 1.4. US 
Environmental Protection Agency, National Exposure Research.  Laboratory, Office of Research and 
Development. 
Valderrama, J. C. (1981). The simultaneous analysis of total nitrogen and total phosphorus in natural water. 
Mar. Chem. 10: 102-122.  
Vollenweider R. A. (1975) Input-output models, with special reference to the phosphorus loading concept in 
limnology. Schweiz Hydrol. 37, 53-84. 
Watts, JM; Swan, BK; Tiffany, MA and SH. Hurlbert.  2001.  Thermal, mixing, and oxygen regimes of the 
Salton Sea, California, 1997-1999.  Hydrobiologia 466:159-176. 
Welschmeyer, N.A. 1994.  Fluorometric analysis of chlorophyll-a in the presence of chlorophyll-B and 
pheopigments.  Limnol. Oceanogr. 39:  1985-1992 
Wetzel, R.G., and Likens, G.E. 2000. Limnological Analyses. 3rd Ed. Springer, New York. xv, 429 pp. 
Wilde, F.D., Radtke, D.B., Gibs, J., Iwatsubo, R.T., 1999.  Collection of water samples. US Geol. Surv. Tech. 
Water-Res. Invest. (Book 9, Chapter A4). 
World Health Organization. 2003. Chapter 8: Algae and cyanobacteria in fresh water. Guidelines for safe 
recreational waters, Volume 1 – Coastal and fresh waters. Geneva, WHO Publishing. 1: 136-158. 
 38
Wurtsbaugh, W.A.  1988.  Iron, molybdenum and phosphorus limitation of N2 fixation maintains nitrogen 
deficiency of plankton in the Great Salt Lake drainage (Utah, USA).  Verh. Internat. Verein. Limnol. 
23:121-130. 
Wurtsbaugh, W.A. 1992.  Food-web modification by an invertebrate predator in the Great Salt Lake (USA).  
Oecologia (1992) 89:168-175. 
Wurtsbaugh, W.A. and Z. M. Gliwicz. 2001. Limnological control of brine shrimp population dynamics and 
cyst production in the Great Salt Lake, Utah. Hydrobiologia. 466: 119-132. 
Wurtsbaugh, W.A. and A. M. Marcarelli. 2004a. Hydrogen sulfide in Farmington Bay and the Great Salt 
Lake: A potential odor-causing agent.  Report to the Central Davis Sewer Improvement District, 
Kaysville, Utah.  30 p. 
Wurtsbaugh, W.A. and A. M. Marcarelli. 2004b. Analysis of phytoplankton nutrient limitation in Farmington 
Bay and the Great Salt Lake. Report to the Central Davis Sewer Improvement District, Kaysville, Utah. 
57 p. 
Wurtsbaugh, W.A. and A. M. Marcarelli.  2006. Eutrophication in Farmington Bay, Great Salt Lake, Utah 
2005 Annual report.  Report to the Central Davis Sewer Improvement District, Kaysville, UT.  91 p. 
 39
Acknowledgements 
We want to thank Chris Bell, Sonja Raub and Joel Moore who did much of the field work and data 
processing.  Jessie Wilson analyzed the phytoplankton samples.  We would like to acknowledge Tim 
Moore of the Ocean Process Analysis Laboratory at the University of New Hampshire for his guidance in 
MODIS image processing techniques.   Amy Marcarelli provided useful insights on limnological processes 
in the lake.  Caleb Izedepski edited the report and improved it greatly.  Funding for the work was 
provided by the Utah Division of Forestry, Fire & State Lands, the Utah Division of Wildlife Resources, 
the Tides Foundation, the United States Geological Survey and Utah State University.  A portion of 
Shane Bradt’s travel and equipment costs were provided by a NSF undergraduate education grant 
(Project Lake Watch) and a NH Space Grant Graduate Fellowship. 
 40
Table 1. Regression models considered during the automated selection option in LOADEST (Runkel et al., 
2004).  [a0 thru a6, model-determined regression coefficients; ln, natural log; Q, discharge; dtime, decimal 
time; pi, 3.141593] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Model 
number 
Regression model 
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Figure 1.  Bloom of toxic cyanobacteria (blue-green algae) observed in Farmington Bay in May 2005.  High 
nutrient levels and phytoplankton production in the bay may be exported to Gilbert Bay and influence the 
plankton there. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.  Station names sampled during the synoptic analyses.  Not all stations were sampled in every 
synoptic because of logistical constraints (see Appendix 1 for actual stations sampled). 
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Figure 3.  Discharges from Bear River Bay and Farmington Bay to Gilbert Bay.  Note that for some periods, 
water flows reversed and flowed out of Gilbert Bay and into Bear River Bay. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.  Total phosphorus (above) and total nitrogen (below) concentrations leaving Farmington and Bear 
River Bays during 2006.  Samples collected and analyzed by USGS and Utah State University (USU) show 
similar patterns over the year.  Most USGS values were calculated as the sum of particulate and dissolved 
fractions.  Concentrations shown with ▲ were from whole-water samples. 
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Figure 5. Left.  Total phosphorus, particulate phosphorus and dissolved phosphorus loading to Gilbert Bay 
from Bear River Bay (above; at Great Salt Lake Minerals Bridge), and from Farmington Bay (below; 
Antelope Island Causeway Bridge). 
 
Figure 6.  Right.  Total nitrogen, particulate nitrogen and dissolved nitrogen loading to Gilbert Bay from 
Bear River Bay (above) and from Farmington Bay (below),  Mean daily loads were calculated using 
LOADEST (Runkel et al., 2004). 
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Figure 7. Left.  Comparison of monthly nitrogen and phosphorus loads to Gilbert Bay contributed by Bear 
River and Farmington Bay from May through December, 2006. 
 
Figure 8. Right.  Molar ratio of total nitrogen to total phosphorus in water samples collected from the Bear 
River and Farmington Bay outflows compared to mean daily discharge during 2006. 
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Figure 9.  Differences in the amount of phytoplankton present in the different bays is obvious in this photo of 
water collected in Bear River Bay, Farmington Bay and Gilbert Bay during the June 2006 synoptic.  A large 
bloom of the toxic cyanobacteria, Nodularia spumigena,  was present in Farmington Bay during much of the 
summer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10.  Chlorophyll a concentrations in major bays of the Great Salt Lake during 2006.  Except during 
the synoptic analyses, mean concentrations were usually from 1 (Bear River Bay), 3 (Farmington Bay), or 4 
(Gilbert Bay) stations.  Chlorophyll concentrations in Gilbert Bay from non-synoptic dates were measured by 
the USGS. 
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Figure 11.  Concentrations of cyanotoxins in bays of the Great Salt Lake during 2006.  Appreciable 
concentrations of cyanotoxins were found only in the northern and central part of Farmington Bay, and from 
June-July they exceeded the World Health Organization’s (WHO) recommendation for levels injurious to 
human health, and they greatly exceed concentrations that caused waterfowl mortalities in a Spanish National 
Park.  The only cyanotoxin found in HPLC analyses was Nodularin.   
 
 
 
Figure 12.  Relationship between concentrations of the cyanobacteria, Nodularia spumigena, and the 
concentration of the cyanotoxin nodularin (as measured by PPIA analysis).  The regression line is only for 
samples collected in Farmington Bay during 2006.  Multiple data points for Gilbert Bay and Bear River Bay 
are located at, or near the origin.
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Figure 13.  Relationship between chlorophyll a concentrations and Secchi depth in the three bays of the 
Great Salt Lake during the synoptic analyses.  Note log scale on Y-axis.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14.  Example of physical-chemical profiles in Gilbert Bay during the spring synoptic sampling.  These 
profiles were measured at Station 2 (see Fig. xxx) which receives overflow plumes from Bear River and 
Farmington Bays.  Note the lower conductivity (fresher water) in the top 0.2 m and the high conductivities 
below 6 m.  
0.01
0.1
1
10
0.1 1 10 100 1000
Chlorophyll a  (ug / L)
Se
cc
hi
   
Tr
an
sp
ar
en
cy
  (
m
)
May, Bear River
May, Farmington
May, Gilbert
June, Bear River
June, Farmington
June, Gilbert
Nov/Dec, Bear River
Nov/Dec, Farmington
Nov/Dec, Gilbert
19 May 2006:  Sta 2
0
1
2
3
4
5
6
7
8
9
0 5 10 15 20
Temperature (C) or Oxygen (mg/L)
D
ep
th
  (
m
)
O2
Temperature
19 May 2006:  Sta 2
0
1
2
3
4
5
6
7
8
9
200 210 220 230 240
Specific Conductivity  (mS/cm)
D
ep
th
  (
m
)
 48
May 2006 Synoptic 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15.  Salinity, optical brighteners, extracted chlorophyll a and satellite imagery of MODIS chlorophyll 
levels in the 17-20 May 2006 synoptic analysis of the Great Salt Lake. 
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Figure 16.  Above:  Isotopic ratios of carbon for seston (algae, detritus) and zooplankton in the Great Salt 
Lake during the17-20 May 2006 synoptic analysis.  Below:  Isotopic ratios of nitrogen in seston and 
zooplankton.  Seston samples from several stations were lost during the analysis. 
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Figure 17.  Biomass (dry weight/liter) of zooplankton sampled during the May 2006 synoptic in 
three bays of the Great Salt Lake.  Note that integrated biomass over the entire water column would 
be proportionately higher in the deeper waters of Gilbert Bay than in the very shallow parts of bear 
River and Farmington Bays.
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Figure 18.  Salinity, optical brighteners, extracted chlorophyll a and satellite imagery of MODIS chlorophyll 
levels in the 20-23 June 2006 synoptic analysis of the Great Salt Lake. 
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Figure 19.  Above:  Isotopic ratios of carbon for seston (algae, detritus) and zooplankton in the Great Salt 
Lake during the 20-23 June 2006 synoptic analysis.  Below:  Isotopic ratios of nitrogen in seston and 
zooplankton.
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Figure 20.   Biomass (dry weight/liter) of zooplankton sampled during the June 2006 
synoptic in three bays of the Great Salt Lake.  Zooplankton in Gilbert and Ogden Bay was 
composed strictly of Artemia.  The high biomass in the southern end of Farmington Bay was 
dominated by clacacerans. 
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Figure 21.  Salinity, optical brighteners, extracted chlorophyll a and satellite imagery of MODIS chlorophyll 
levels in the November 28th-December 2nd,  2006 synoptic analysis of the Great Salt Lake.  Only the outflow 
stations of Farmington and Bear River Bays were sampled because ice covered these bays.   
Nov/Dec 2006 Chlorophyll a
20-80 ug/l
4-20 ug/l
1-4 ug/l
80-153 ug/l
0-1 ug/l
Nov/Dec 2006  Optical Brighteners
(fsu)
210.1-240
170.1-210
130.1-170
240.1-280
90-130
Nov/Dec 2006  Salinity
9 ─11.9%
6 ─ 8.9%
3 ─ 5.9%
12─16%
0 ─ 2.9%
MODIS
3 Dec 2006
Chl a 
(μg/L)
 55
November Synoptic 
 
 
Figure 22.  Above:  Isotopic ratios of carbon for seston (algae, detritus) and zooplankton in the Great 
Salt Lake during the November-December synoptic analysis.  Below:  Isotopic ratios of nitrogen in 
seston and zooplankton. 
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Figure 23.   Biomass (dry weight/liter) of zooplankton sampled during the November-December 
2006 synoptic in three bays of the Great Salt Lake.  Zooplankton in Gilbert and Ogden Bay was 
composed strictly of Artemia.  Zooplankton from Bear River Bay and Farmington Bays were 
sampled only at the bridge outflows, as ice covered these bays. 
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Figure 24.  Relationship between estimated chlorophyll estimated with the MODIS satellite and that 
measured by field collections and direct extraction.  The dashed line shows the 1:1 line.  The 
MODIS direct algorithm overestimated chlorophyll concentrations in the lake.  A polynomial 
correction (Equation 1) was used to calibrate the MODIS output for Great Salt Lake conditions.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 25.  Relationship between the estimate of chlorophyll from the MODIS satellite that was 
corrected with Equation 1, and the field-collected and extracted chlorophyll in the validation data 
set.  
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Figure 26a.  MODIS satellite images 
showing the distribution of chlorophyll a of 
the Great Salt Lake on five dates in May 
and June 2006.  Note that the scales are 
different in each frame so as to maximize 
spatial differences on each date.  
Chlorophyll levels in Farmington Bay were 
often too high for MODIS to calculate.  
Exceptions are the 2 and 18 May images 
showing high chlorophyll levels in some 
pixels located in the bay.  Note that clouds 
or haze obscured parts of the lake on some 
pass-over dates (shown as gray).  These 
raw images show MODIS chlorophyll 
output, and thus have not been corrected 
with Equation 2 to produce Great Salt Lake 
specific estimates of concentrations. 
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Figure 26b.  MODIS satellite images 
showing the distribution of chlorophyll a 
of the Great Salt Lake on five dates in 
July and August 2006.  These raw 
images show MODIS chlorophyll output, 
and thus have not been corrected with 
Equation 2 to produce Great Salt Lake 
specific estimates of concentrations. 
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Figure 26c.  MODIS satellite images showing the distribution of chlorophyll a of the Great Salt Lake on six 
dates in from September-December, 2006.  These raw images show MODIS chlorophyll output, and thus have not been 
corrected with Equation 2 to produce Great Salt Lake specific estimates of concentrations.  
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Figure 28.  Seasonal changes in chlorophyll a in the Gilbert Bay determined by MODIS satellite imagery.  
Individual colored points represent five areas of the lake.  Additionally, field-collected chlorophyll levels are 
shown with blue triangles.  Note the rapid changes in chlorophyll associated primarily with rapidly-changing 
zooplankton populations.  During July-September, there are distinct regional differences in chlorophyll levels 
in the lake.  During this period he North East area (red squares) usually had the highest chlorophyll levels, 
whereas the North West (Green triangles), well away from Farmington Bay and Bear River Bay inflows, 
usually had the lowest chlorophyll levels.  The solid line shows average chlorophyll values on a given date.  
Using equation 1, the cutoff  MODIS chlorophyll value was determined to be 129 ug/L, which translated to  
33.5 ug/L GSL chl .  In this graphs, MODIS chlorophyll values exceeding the cutoff point were given GSL 
chl values of 40 ug/L. 
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Figure 27.  MODIS station locations used for the 
spatio-temporal analysis of satellite-derived 
estimates of chlorophyll a in Gilbert Bay.  See 
following figure. 
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Figure 28.   δ13C (left) and  δ15N (right) ratios of zooplankton in the Great Salt Lake during a synoptic 
conducted from 31 May to 3 June, 2005.  The zooplankton in Gilbert Bay were brine shrimp, whereas those 
in Farmington and Bear River Bays were primarily cladocerans.  The work was supported by the Tides 
Foundation and the U.S. Geological survey.  Unpublished data of W. Wurtsbaugh, D. Naftz and S. Bradt. 
 
 
10.2
10.0
8.4
13.7
12.2
13.4
6.0
8.7
8.8
9.3
3.7
6.6
May-June 2005
Zoop δ15N
13.7
11.2
6.6
6.8
5.7 7.8
7.2
-20.3
-21.7
-20.9
-21.3
-21.4
-21.8
-21.2
-20.7
-21.3
-20.7
-17.8
-21.9
May-June 2005
Zoop δ13C
-21.4
-21.7
-16.4
-17.6
-20.8 -21.2
-21.0
 63
 
Appendix 1.  Parameters measured during three synoptic sampling trips in the Great Salt Lake.
"Data summary" tab
SYN_MONTH Month of Synoptic Sampling, used in organizing data accoring to synoptic sampling event
ST Station number (or bridge)
IDENT Name of sampling point
Bay General location/bay where sample was taken
Date Date Sampled
LAT Lattitude of sampling location
LON Longitude of sampling location
z(max) Maximum depth at sample location (m)
z(sample) Depth sampled (m)
Salinity Salinity (%)
Temp @ z(sample) Temperature at sample depth (ºC)
Skin_Temp Surface temperature from gun (ºC)
DO Dissolved Oxygen (mg/L)
Spec_Cond Specific conductivity at 0.2 m (µSiemens/cm)
ORP Oxidation Reduction Potential (mV)
PAR Ext Coeff Extinction coeficient for Photosynthetically Active Radiation 
Secchi Secchi disk depth (m)
Chl_Extr Extracted chlorophyll-a  concentration (µg/L)
Phycocyanin Phycocyanin measured by USGS (TFU, Turner Fluorometer Units)
Phycoertherin Phycoertherin measured by USGS (TFU, Turner Flurometer Units)
Brighteners Detergent Brighteners/Whiteners measured by USGS (TFU, Turner Fluorometer Units)
Seston PPIA Phosphate inhibition assay (PPIA) measures Nodularin and Microcystin in seston, expressed in Microcycstin LR equivalents
Seston PPIA toxic? Seston exceeds EPA defined level of toxicity (PPIA measured toxins)
Seston PDA Peptide toxins (such as Nodularin) measured by photodiode array (PDA) & mass selective (MS) detection with HPLC in seston
Seston MS Peptide toxins (such as Nodularin) measured by photodiode array (PDA) & mass selective (MS) detection with HPLC in seston
Zoop PPIA Phosphate inhibition assay (PPIA) measures Nodularin & Microcystin in zooplankton, expressed in Microcycstin LR equivalents
Zoop PPIA toxic? Zooplankton exceeds EPA defined level of toxicity (PPIA measured toxins)
TN Total Nitrogen, particulate & dissolved (mg/L)
TP Total Phosphorus, particulate & dissolved (mg/L)
Seston mgPN/L Nitrogen mass (mg/L) attributed to seston
Seston del N15 Seston delta N15 (AIR st&ard)
Seston mgPC/L Carbon mass (mg/L) attributed to seston
Seston del C13 Seston delta C13 (PDB st&ard)
Seston C:N molar ratio of particulate (seston) carbon to nitrogen
Zoop Biomass Zooplankton Biomass (mg/L) calculated from zooplankton density & species-specific length/weight regression
Zoop mgPN/L Nitrogen mass (mg/L) attributed to zooplankton
Zoop delN15 Zooplankton deltaN15 (AIR standard)
Zoop mgPC/L Carbon mass (mg/L) attributed to zooplankton
Zoop del13C Zooplankton detaN15 (PDB standard)
Zoop C:N molar ratio of zooplankton carbon to nitrogen
Chlorophyta Biovolume Biovolume (µm3/L) of Chlorophyta
Pyrrophyta Biovolume Biovolume (µm3/L) of Pyrrophyta
Bacillariophyta Biovolume Biovolume (µm3/L) of Bacillariophyta
Cyanobacteria Biovolume Biovolume (µm3/L) of Cyanobacteria
Tot. Phyto Biovolume Biovolume (µm3/L) of All Phytoplankton in sample
Nodularia Biovolume Biovolume (µm3/L) of Nodularia
Dunalliela Biovolume Biovolume (µm3/L) of Dunalliela
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Appendix 1.  Parameters measured during three synoptic sampling trips in the Great Salt Lake.
Month Station IDENT Bay Date LAT LONG z 
(max)
z 
(sample)
Salinity 
(%)
Temp @z 
(samp)
Skin Temp Oxygen 
(mg/L)
Spec_Cond 
(uS/cm)
ORP pH Ext coeff 
(m-1)
Secchi 
(m)
May 1 SYN 1 Gilbert 19-May-06 41.051 -112.288 2.3 0.2 11.8 23.6 4.6 204300 199 8.13 1.08 >2.3
May 2 SYN 2 Gilbert 19-May-06 41.047 -112.381 8.1 0.2 11.9 21.9 7.5 203300 177 8.17 0.45 5.80
May 3 SYN 3 Gilbert 19-May-06 41.019 -112.328 7.3 0.2 12.0 22.3 4.6 219200 200 8.14 0.48 4.95
May 4 SYN 4 Gilbert 20-May-06 40.964 -112.304 8.2 0.2 11.8 22.2 3.0 212300 174 8.09 0.40 6.10
May 5 SYN 5 Gilbert 20-May-06 40.857 -112.238 8.4 0.2 10.8 24.1 5.0 199400 146 8.11 0.43 3.75
May 6 SYN 6 Gilbert 20-May-06 40.808 -112.218 8.0 0.2 11.4 24.0 3.5 208000 112 8.15 0.37 6.40
May 6 SYN 6 Gilbert 20-May-06 40.808 -112.218 8.0 6.8 24.0 0.0 242950 -227 8.01 0.37 6.40
May 7 SYN 7 Gilbert 20-May-06 40.805 -112.160 2.9 0.2 9.5 23.7 6.9 185400 139 8.10 0.46 >2.9
May 8 SYN 8 Gilbert 20-May-06 40.763 -112.206 6.0 0.2 11.8 23.2 4.0 209800 131 8.09 0.40 4.95
May 9 SYN 9 Gilbert 20-May-06 40.739 -112.311 5.5 0.2 12.0 23.6 4.5 210800 117 8.08 0.67 4.30
May 10 SYN 10 Gilbert 20-May-06 40.810 -112.373 6.3 0.2 12.2 23.2 3.4 210600 110 8.09 0.98 3.85
May 11 SYN 11 Gilbert 20-May-06 40.928 -112.427 6.8 0.2 12.2 23.0 3.6 209300 104 8.12 0.41 4.10
May 12 SYN 12 Gilbert 20-May-06 41.018 -112.432 8.5 0.2 11.9 23.7 4.1 207300 83 8.13 0.42 4.50
May 12 SYN 12 Gilbert 20-May-06 41.018 -112.432 8.5 7.5 11.7 0.2 226000 -187 8.24 0.42 4.50
May 13 SYN 13 Gilbert 19-May-06 41.550 -122.503 5.5 0.2 11.4 23.0 4.2 206000 164 8.09 0.41 5.30
May 14 SYN 14 Gilbert 19-May-06 41.058 -112.695 5.7 0.2 12.0 23.4 4.8 201100 185 8.04 0.32 >5.7
May 15 SYN 15 Gilbert 19-May-06 41.175 -112.731 6.0 0.2 11.9 23.2 3.4 213600 197 8.03 0.39 5.40
May 16 SYN 16 Gilbert 19-May-06 41.170 -112.597 8.9 0.2 11.5 23.7 3.9 206700 176 8.08 0.53 5.85
May 16 SYN 16 Gilbert 19-May-06 41.170 -112.597 8.9 6.8 12.8 0.2 224200 -107 8.23 0.53 5.85
May 17 SYN 17 Gilbert 19-May-06 41.163 -112.482 6.8 0.2 11.5 24.6 4.5 203400 150 8.08 0.56 4.60
May 18 SYN 18 Gilbert 19-May-06 41.178 -112.426 4.5 0.2 11.0 24.3 5.0 200700 163 8.04 0.64 >4.5
May 19 SYN 19 Ogden 19-May-06 41.200 -112.381 3.6 0.2 11.4 23.1 4.0 198100 174 8.09 0.39 3.40
May 20 SYN 20 Ogden 19-May-06 41.197 -112.304 1.6 0.2 10.4 23.7 6.5 191600 174 8.05 0.71 >1.6
May 21 SYN 21 Gilbert 19-May-06 41.128 -112.359 5.5 0.2 11.5 24.5 4.4 201500 158 8.07 5.35
May 23 SYN 23 Ogden 20-May-06 41.077 -112.246 2.8 0.2 11.5 21.0 4.5 216700 123 8.18 0.63 >2.8
May 24 SYN 24 Bear River 17-May-06 41.289 -112.354 0.4 0.2 22.9 6.3 1993 66 8.36 2.52 0.29
May 25 SYN 25 Bear River 17-May-06 41.320 -112.360 0.5 0.2 1.2 24.2 16.5 3716 61 8.83 4.33 0.38
May 26 SYN 26 Bear River 17-May-06 41.376 -112.376 0.2 0.2 0.0 27.5 14.9 3631 62 9.08 0.17
May 27 SYN 27 Farmington 18-May-06 40.919 -112.030 0.9 0.2 24.5 5.9 4631 80 8.61 1.95 >0.90
May 28 SYN 28 Farmington 18-May-06 40.908 -112.050 0.9 0.2 0.3 1.61 0.67
May 29 SYN 29 Farmington 18-May-06 40.979 -112.140 1.1 0.2 2.0 25.6 8.2 47866 68 9.08 0.43
May 30 SYN 30 Farmington 18-May-06 41.040 -112.164 1.6 0.2 2.0 26.3 15.9 47640 56 9.25 3.50 0.42
May 32 SYN 32 Ogden 18-May-06 41.136 -112.275 1.1 0.2 10.6 24.2 4.9 176799 106 8.14 0.74 >1.11
June BRB BRBBridge Bear River 20-Jun-06 41.272 -112.354 1.2 0.2 0.3 17.2 7.8 2850 137 8.81 7.15 0.12
June 1 SYN 1 Gilbert 22-Jun-06 41.057 -112.281 2.5 0.2 10.6 22.0 12.8 123700 188 8.33 1.24
June 2 SYN 2 Gilbert 22-Jun-06 41.045 -112.382 9.2 0.2 12.6 22.7 10.0 156893 21 8.15 0.43 0.83
June 2 SYN 2 Gilbert 22-Jun-06 41.045 -112.382 9.2 8.0 13.0 0.1 194017 -279 7.66 0.43 0.83
June 3 SYN 3 Gilbert 23-Jun-06 41.024 -112.328 6.6 0.2 12.2 23.0 10.6 157241 94 8.04 0.74 0.68
June 4 SYN 4 Gilbert 23-Jun-06 40.962 -112.304 8.6 0.2 12.2 23.8 10.7 152214 73 8.08 0.75 0.68
June 4 SYN 4 Gilbert 23-Jun-06 40.962 -112.304 8.6 8.0 12.8 0.5 194661 -237 7.54 0.75 0.68
June 5 SYN 5 Gilbert 23-Jun-06 40.860 -112.238 8.3 0.2 11.6 24.3 11.1 153733 28 8.11 0.73 0.95
June 5 SYN 5 Gilbert 23-Jun-06 40.860 -112.238 8.3 8.0 12.6 0.4 192210 -202 7.52 0.73 0.95
June 6 SYN 6 Gilbert 23-Jun-06 40.805 -112.217 8.1 0.2 11.2 25.0 11.2 135197 28 8.05 0.75 1.03
June 7 SYN 7 Gilbert 23-Jun-06 40.805 -112.160 2.5 0.2 11.2 25.2 11.9 154806 28 8.08 0.71 0.85
June 8 SYN 8 Gilbert 23-Jun-06 40.762 -112.205 5.7 0.2 10.6 25.1 11.1 147571 29 7.93 0.73 0.95
June 9 SYN 9 Gilbert 23-Jun-06 40.735 -112.310 6.2 0.2 10.8 24.8 9.0 157769 28 7.95 0.07 2.35
June 10 SYN 10 Gilbert 23-Jun-06 40.809 -112.375 6.0 0.2 12.0 25.3 9.3 159737 28 7.97 0.66 1.30
June 11 SYN 11 Gilbert 23-Jun-06 40.930 -112.427 6.9 0.2 10.8 25.3 11.0 160008 29 7.93 0.69 1.88
June 13 SYN 13 Gilbert 22-Jun-06 41.054 -112.502 5.9 0.2 12.4 24.0 11.6 152649 20 8.07 0.68 2.08
June 14 SYN 14 Gilbert 22-Jun-06 41.060 -112.695 5.7 0.2 11.0 23.4 12.5 165186 21 8.03 0.73 0.85
June 15 SYN 15 Gilbert 22-Jun-06 41.177 -112.732 6.0 0.2 11.8 23.6 11.8 157958 23 7.99 0.72 0.88
June 16 SYN 16 Gilbert 22-Jun-06 41.171 -112.594 8.7 0.2 25.0 11.8 161279 26 8.07 0.73 0.68
June 16 SYN 16 Gilbert 22-Jun-06 41.171 -112.594 8.7 8.0 13.0 0.1 207873 -221 7.26 0.73 0.68
June 17 SYN 17 Gilbert 22-Jun-06 41.162 -112.481 7.0 0.2 11.8 25.4 11.0 157802 20 8.17 0.74 0.68
June 17 SYN 17 Gilbert 22-Jun-06 41.162 -112.481 7.0 6.5 19.1 0.2 169782 -141 8.05 0.74 0.68
June 18 SYN 18 Gilbert 22-Jun-06 41.178 -112.427 4.7 0.2 11.6 24.3 10.1 159952 22 8.14 0.83 0.93
June 19 SYN 19 Ogden 22-Jun-06 41.201 -112.382 3.6 0.2 11.6 23.7 11.7 159172 23 8.11 0.92 0.93
June 20 SYN 20 Ogden 22-Jun-06 41.196 -112.304 1.6 0.2 12.8 24.5 10.1 153298 25 8.24 1.76 0.48
June 21 SYN 21 Gilbert 22-Jun-06 41.128 -112.356 5.9 0.2 12.8 24.8 10.1 161989 23 8.19 0.86 1.05
June 23 SYN 23 Ogden 23-Jun-06 41.044 -112.144 2.6 0.2 12.2 22.4 12.8 150637 149 8.13 0.93 0.58
June 24 SYN 24 Bear River 20-Jun-06 41.289 -112.354 0.3 0.2 0.3 19.1 8.0 2566 137 8.87 6.75 0.13
June 25 SYN 25 Bear River 20-Jun-06 41.319 -112.361 0.4 0.2 0.2 20.7 7.7 2049 148 8.40 6.30 0.07
June 27 SYN 27 Farmington 21-Jun-06 40.927 -112.012 0.5 0.2 0.4 27.5 6719 87 9.77 0.64 >0.46
June 28 SYN 28 Farmington 21-Jun-06 40.913 -112.026 0.7 0.2 0.9 28.6 14240 143 8.95 1.32 0.52
June 29 SYN 29 Farmington 21-Jun-06 40.979 -112.136 1.2 0.2 2.2 24.9 31360 104 9.31 5.43 0.38
June 30 SYN 30 Farmington 21-Jun-06 40.954 -112.112 1.2 0.2 1.9 24.2 29430 86 9.39 3.02 0.33
June 31 SYN 31 Farmington 21-Jun-06 41.050 -112.189 1.7 0.2 3.3 23.4 19.8 44150 189 9.36 2.81 0.50
June 32 SYN 32 Ogden 21-Jun-06 41.136 -112.277 1.0 0.2 12.0 21.6 20.5 134900 226 8.12 0.80 0.55
Nov/Dec 1 SYN 1 Gilbert 30-Nov-06 41.057 -112.279 2.2 0.2 14.0 4.6 4.2 7.4 152758 69 8.60 0.12 0.55
Nov/Dec 2 SYN 2 Gilbert 30-Nov-06 41.046 -112.380 8.4 0.2 14.0 4.9 4.0 7.3 154168 140 8.57 0.44 0.75
Nov/Dec 2 SYN 2 Gilbert 30-Nov-06 41.024 -112.328 8.4 7.5 11.0 -1.2 181658 -261 7.82 0.44 0.75
Nov/Dec 3 SYN 3 Gilbert 30-Nov-06 40.868 -112.240 6.3 0.2 13.6 3.1 3.6 9.0 160044 85 8.40 0.65 0.55
Nov/Dec 5 SYN 5 Gilbert 30-Nov-06 40.805 -112.160 8.1 0.2 14.5 4.8 4.2 5.2 161916 133 8.43 0.56 0.75
Nov/Dec 7 SYN 7 Gilbert 30-Nov-06 40.763 -112.205 2.4 0.2 15.7 3.2 3.0 5.2 155882 85 8.51 0.52 0.65
Nov/Dec 8 SYN 8 Gilbert 30-Nov-06 40.735 -112.309 5.4 0.2 14.6 4.5 4.6 5.1 152930 117 8.49 0.57 0.55
Nov/Dec 9 SYN 9 Gilbert 30-Nov-06 40.809 -112.373 5.5 0.2 14.5 4.0 2.8 5.9 143423 129 8.56 0.86 0.75
Nov/Dec 10 SYN 10 Gilbert 30-Nov-06 40.809 -112.373 5.8 0.2 14.4 4.2 3.6 6.4 155633 143 8.57 0.38 0.75
Nov/Dec 11 SYN 11 Gilbert 30-Nov-06 40.930 -112.427 6.4 0.2 14.2 5.3 5.2 5.3 154851 154 8.55 0.26 0.65
Nov/Dec 13 SYN 13 Gilbert 30-Nov-06 41.061 -112.706 5.6 0.2 14.3 4.6 3.6 5.6 152988 117 8.58 0.40 0.85
Nov/Dec 14 SYN 14 Gilbert 1-Dec-06 41.171 -112.595 4.9 0.2 13.9 4.3 2.2 6.8 156064 114 8.49 0.65 0.70
Nov/Dec 15 SYN 15 Gilbert 1-Dec-06 41.175 -112.732 5.5 0.2 13.6 5.0 3.2 7.0 156212 89 8.48 0.55 0.80
Nov/Dec 16 SYN 16 Gilbert 1-Dec-06 41.163 -112.483 8.7 0.2 13.5 4.5 3.0 7.7 148080 128 8.43 0.57 0.85
Nov/Dec 16 SYN 16 Gilbert 1-Dec-06 41.163 -112.483 8.7 7.3 11.8 -1.3 198988 -263 7.55 0.57 0.85
Nov/Dec 17 SYN 17 Gilbert 1-Dec-06 41.178 -112.426 6.5 0.2 10.7 2.7 2.4 8.2 156098 132 8.47 0.44 0.45
Nov/Dec 18 SYN 18 Gilbert 1-Dec-06 41.197 -112.333 4.2 0.2 11.8 1.3 -1.6 6.7 152610 97 8.54 0.32 0.35
Nov/Dec 20 SYN 20 Ogden 1-Dec-06 41.197 -112.333 2.5 0.2 5.4 -1.2 0.39 0.30
Nov/Dec 23 SYN 23 Ogden 28-Nov-06 41.127 -112.284 2.4 0.2 13.2 4.8 4.6 7.7 159900 282 8.48 0.37 0.55
Nov/Dec 32 SYN 32 Ogden 1-Dec-06 41.127 -112.284 0.9 0.2 12.5 2.3 1.6 10.1 156049 47 8.45 0.53 0.50
Nov/Dec FBB FB-bridge Farmington 1-Dec-06 1.0 0.2 3.6 -0.2 7.7 49799 142 9.00 0.66
Nov/Dec BRB BRB-bridge Bear River 2-Dec-06 41.272 -112.354 2.0 0.2 0.5 0.5 21.3 2549 245 9.16 0.47 0.46
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Appendix 1.  Parameters measured during three synoptic sampling trips in the Great Salt Lake.
Month Station IDENT Bay Date Chl_Extr 
(ug/L)
Phyco- 
cyanin
Phyco- 
ertherin
Bright- 
eners
Seston 
PPIA
Seston 
PPIA 
toxic?
TN 
(mg/L)
TP 
(mg/L)
Seston 
mgPN/L
Seston 
del N15
Seston 
mgPC/L
Seston 
del 13C
Seston 
C:N
May 1 SYN 1 Gilbert 19-May-06 0.4 0.1 -0.1 18 3.9 0.33
May 2 SYN 2 Gilbert 19-May-06 1.3 0.1 -0.4 17 3.9 0.32
May 3 SYN 3 Gilbert 19-May-06 0.7 0.0 -0.3 17 4.0 0.33
May 4 SYN 4 Gilbert 20-May-06 0.7 0.0 -0.2 18 2.18 Yes 3.8 0.32
May 5 SYN 5 Gilbert 20-May-06 1.3 0.1 -0.2 18 3.6 0.31
May 6 SYN 6 Gilbert 20-May-06 0.2 0.0 -0.4 16 3.7 0.32 0.03 8.1 0.3 -20.9 8.9
May 6 SYN 6 Gilbert 20-May-06 86.2 0.01 0.0 -23.5 7.4
May 7 SYN 7 Gilbert 20-May-06 0.4 0.1 0.1 20 0.13 no 3.2 0.30 0.15 7.6 1.6 -15.4 12.9
May 8 SYN 8 Gilbert 20-May-06 0.2 0.1 -0.2 18 3.6 0.32 0.04 7.6 0.3 -21.1 9.7
May 9 SYN 9 Gilbert 20-May-06 0.3 0.0 -0.1 19 4.0 0.34 0.05 8.3 0.4 -21.0 9.5
May 10 SYN 10 Gilbert 20-May-06 0.3 0.0 -0.4 19 4.2 0.35 0.03 7.4 0.3 -20.9 9.2
May 11 SYN 11 Gilbert 20-May-06 1.4 0.0 0 18 0.03 no 4.4 0.38 0.04 6.8 0.3 -20.0 8.6
May 12 SYN 12 Gilbert 20-May-06 1.2 0.0 -0.3 17 3.4 0.26 0.18 8.2 1.5 9.6
May 12 SYN 12 Gilbert 20-May-06 33.1 0.1 0.7 21 0.10 8.6 0.7 -21.3 7.5
May 13 SYN 13 Gilbert 19-May-06 0.6 0.0 -0.9 14 3.9 0.33
May 14 SYN 14 Gilbert 19-May-06 0.1 0.0 -0.6 13 4.2 0.34
May 15 SYN 15 Gilbert 19-May-06 0.1 -0.1 -0.9 14 3.9 0.32 0.04 8.0 0.3 -21.1 9.9
May 16 SYN 16 Gilbert 19-May-06 0.2 0.0 -0.5 14 5.23 yes 3.8 0.34
May 16 SYN 16 Gilbert 19-May-06 0.00 no
May 17 SYN 17 Gilbert 19-May-06 1.3 0.0 0 14 6.1 0.53
May 18 SYN 18 Gilbert 19-May-06 0.3 0.0 0 14 3.6 0.31
May 19 SYN 19 Ogden 19-May-06 0.7 0.0 0 15 3.7 0.30
May 20 SYN 20 Ogden 19-May-06 0.7 0.0 0 15 3.9 0.31
May 21 SYN 21 Gilbert 19-May-06 0.5 0.0 0 12 4.0 0.33
May 23 SYN 23 Ogden 20-May-06 1.5 0.0 0 26 0.2 no 3.7 0.31
May 24 SYN 24 Bear River 17-May-06 40.0 0.7 2.2 42 0.0 no 1.3 0.14 0.47 3.0 4.1 -12.3 10.1
May 25 SYN 25 Bear River 17-May-06 17.0 0.5 1.7 41 0.0 no 0.7 0.08 0.26 6.7 3.7 -12.1 16.9
May 26 SYN 26 Bear River 17-May-06 24.6 3.9 14.1 44 0.0 no 1.2 0.33
May 27 SYN 27 Farmington 18-May-06 33.8 0.4 0.8 55 0.0 no 2.3 0.64
May 28 SYN 28 Farmington 18-May-06 38.0 0.6 1.3 66 0.7 yes 4.3 1.69 4.6 -21.1
May 29 SYN 29 Farmington 18-May-06 19.8 1.3 1.8 46 5.3 yes 3.2 0.16 0.11 13.7 0.9 -21.5 8.9
May 30 SYN 30 Farmington 18-May-06 69.4 1.3 2.45 45 10.5 yes 3.0 0.15 0.09 5.1 0.5 -25.5 6.9
May 32 SYN 32 Ogden 18-May-06 0.3 0.0 0 28 0.0 no 4.2 0.34
June BRB BRBBridge Bear River 20-Jun-06 21.3 1.2 3.4 58 0.0 no 1.0 0.21 0.65 7.1 6.4 -23.9 11.5
June 1 SYN 1 Gilbert 22-Jun-06 21.7 0.4 0.2 61 2.7 yes 3.9 0.33 0.23 4.0 2.0 -22.1 9.9
June 2 SYN 2 Gilbert 22-Jun-06 16.2 0.0 0 44 0.1 no 3.5 0.28 0.12 20.9 1.0 -23.3 10.2
June 2 SYN 2 Gilbert 22-Jun-06 1.7 yes
June 3 SYN 3 Gilbert 23-Jun-06 14.8 0.0 0.2 38 1.0 yes 3.4 0.29 0.27 12.9 2.3 -23.4 9.9
June 4 SYN 4 Gilbert 23-Jun-06 13.6 0.0 0 42 0.5 yes 3.0 0.26 0.25 10.7 3.5 -24.9 16.3
June 4 SYN 4 Gilbert 23-Jun-06
June 5 SYN 5 Gilbert 23-Jun-06 9.2 0.0 0.1 33 0.4 yes 3.6 0.33 0.25 6.7 3.1 -24.5 14.3
June 5 SYN 5 Gilbert 23-Jun-06 4.02 9.0 43.2 -21.8 12.5
June 6 SYN 6 Gilbert 23-Jun-06 9.4 0.0 0 38 0.2 no 0.24 9.3 2.4 -23.4 11.6
June 7 SYN 7 Gilbert 23-Jun-06 10.8 0.0 0 38 0.2 no 3.1 0.27 0.28 15.3 2.3 -22.9 9.8
June 8 SYN 8 Gilbert 23-Jun-06 9.4 0.0 0 40 0.2 no 3.8 0.33 0.26 10.9 2.3 -23.8 10.3
June 9 SYN 9 Gilbert 23-Jun-06 7.1 0.0 0 36 0.1 no 4.2 0.36 0.12 11.4 1.61 -20.9 15.0
June 10 SYN 10 Gilbert 23-Jun-06 6.8 0.0 0 37 0.1 no 5.1 0.47 0.16 6.8 1.5 -24.0 10.9
June 11 SYN 11 Gilbert 23-Jun-06 11.7 0.0 0 37 0.0 no 3.9 0.32 0.20 9.3 1.8 -23.6 10.5
June 13 SYN 13 Gilbert 22-Jun-06 21.1 0.0 0 37 0.1 no 4.1 0.38 0.15 3.8 1.5 -24.5 12.0
June 14 SYN 14 Gilbert 22-Jun-06 18.9 0.0 0 37 0.0 no 4.4 0.35 0.14 7.5 1.5 -24.0 12.6
June 15 SYN 15 Gilbert 22-Jun-06 26.4 0.0 0.5 39 0.1 no 3.7 0.34 0.08 9.1 0.8 -23.7 12.5
June 16 SYN 16 Gilbert 22-Jun-06 20.0 0.0 0 33 0.0 no 4.0 0.34 0.11 8.4 1.0 -23.3 11.0
June 16 SYN 16 Gilbert 22-Jun-06 1.3 yes
June 17 SYN 17 Gilbert 22-Jun-06 13.5 0.0 0 51 0.0 no 0.0 0.32 0.14 10.5 1.9 -24.1 15.3
June 17 SYN 17 Gilbert 22-Jun-06 0.6 yes
June 18 SYN 18 Gilbert 22-Jun-06 13.8 0.0 0 45 0.1 no 0.0 0.33 0.13 9.5 1.1 -22.9 10.1
June 19 SYN 19 Ogden 22-Jun-06 15.3 0.0 0.1 39 0.1 no 3.7 0.32 0.13 10.5 1.2 -22.8 10.5
June 20 SYN 20 Ogden 22-Jun-06 16.6 0.0 0 40 0.2 no 3.9 0.32 0.15 12.0 1.6 -23.9 12.9
June 21 SYN 21 Gilbert 22-Jun-06 13.9 0.0 0 33 0.1 no 0.14 2.9 1.5 -24.1 12.6
June 23 SYN 23 Ogden 23-Jun-06 28.7 0.7 0.1 43 1.9 yes 4.3 0.35 0.28 6.4 2.5 -22.4 10.2
June 24 SYN 24 Bear River 20-Jun-06 22.3 1.8 8.4 58 0.0 no 1.3 0.27 0.71 8.7 8.2 -23.9 13.5
June 25 SYN 25 Bear River 20-Jun-06 35.4 1.7 7.7 91 0.0 no 1.1 0.18 1.23 -11.1 11.4 -23.2 10.8
June 27 SYN 27 Farmington 21-Jun-06 6.7 0.5 0.1 80 0.1 no 1.7 0.22 0.34 7.9 3.2 -22.2 11.0
June 28 SYN 28 Farmington 21-Jun-06 91.3 1.5 3.5 119 7.1 yes 2.0 0.34 0.74 8.0 5.2 -21.3 8.3
June 29 SYN 29 Farmington 21-Jun-06 152.9 12.3 10.5 117 89.7 yes 4.1 0.99
June 30 SYN 30 Farmington 21-Jun-06 122.6 6.7 5.8 118 117.0 yes 5.7 0.34 1.90 0.9 10.6 -17.8 6.5
June 31 SYN 31 Farmington 21-Jun-06 109.8 17.4 11.9 106 111.7 yes 5.2 0.27 2.60 -0.8 17.5 -19.8 7.8
June 32 SYN 32 Ogden 21-Jun-06 20.7 0.1 0 39 0.0 no 3.2 0.33 0.42 10.1 5.1 -23.6 13.8
Nov/Dec 1 SYN 1 Gilbert 30-Nov-06 18.1 3.7 20 195 0.0 no 4.4 0.38 0.59 10.0 4.1 -20.8 8.0
Nov/Dec 2 SYN 2 Gilbert 30-Nov-06 26.1 2.3 15 201 0.0 no 4.5 0.40 0.48 8.6 2.9 -21.3 7.1
Nov/Dec 2 SYN 2 Gilbert 30-Nov-06 3.57 9.7 33.1 -19.8 10.8
Nov/Dec 3 SYN 3 Gilbert 30-Nov-06 35.9 6.7 24 179 4.4 0.38 0.47 9.3 3.1 -21.0 7.5
Nov/Dec 5 SYN 5 Gilbert 30-Nov-06 24.7 4.0 16 182 4.4 0.37 0.59 9.7 3.6 -21.5 7.2
Nov/Dec 7 SYN 7 Gilbert 30-Nov-06 25.3 3.6 18 182 0.0 no 4.5 0.38 0.51 9.1 3.3 -21.1 7.6
Nov/Dec 8 SYN 8 Gilbert 30-Nov-06 28.1 2.9 19 169 0.0 no 4.7 0.39 0.58 7.5 3.6 -21.2 7.2
Nov/Dec 9 SYN 9 Gilbert 30-Nov-06 24.3 2.2 12 180 0.0 no 4.4 0.38 0.41 8.0 2.4 -22.1 6.8
Nov/Dec 10 SYN 10 Gilbert 30-Nov-06 35.0 2.5 15 181 4.5 0.38 0.36 7.9 2.2 -21.8 7.1
Nov/Dec 11 SYN 11 Gilbert 30-Nov-06 34.1 2.0 17 184 0.0 no 4.4 0.37 0.58 8.5 3.4 -21.6 6.9
Nov/Dec 13 SYN 13 Gilbert 30-Nov-06 29.9 2.1 11 174 4.5 0.38
Nov/Dec 14 SYN 14 Gilbert 1-Dec-06 24.2 0.4 12 102 4.1 0.35 0.33 7.7 2.0 -22.1 6.9
Nov/Dec 15 SYN 15 Gilbert 1-Dec-06 30.1 0.5 8 0.0 no 3.9 0.34 0.36 9.0 1.9 -22.4 6.3
Nov/Dec 16 SYN 16 Gilbert 1-Dec-06 25.3 1.1 13 101 4.0 0.34 0.28 11.5 1.5 -22.1 6.4
Nov/Dec 16 SYN 16 Gilbert 1-Dec-06 1.41 8.1 11.4 -20.0 9.4
Nov/Dec 17 SYN 17 Gilbert 1-Dec-06 31.7 6.4 35 113 2.9 0.32 0.36 8.3 2.6 -19.5 8.4
Nov/Dec 18 SYN 18 Gilbert 1-Dec-06 30.8 7.6 48 110 3.7 0.33 0.52 8.4 4.1 -18.3 9.1
Nov/Dec 20 SYN 20 Ogden 1-Dec-06 20.4 13.3 77 108 0.0 no 2.9 0.28 0.59 8.3 4.8 -18.5 9.5
Nov/Dec 23 SYN 23 Ogden 28-Nov-06 39.4 4.9 33 205 0.0 no 4.4 0.41 0.57 9.0 3.8 -19.3 7.8
Nov/Dec 32 SYN 32 Ogden 1-Dec-06 35.7 2.9 23 101 4.4 0.34 0.45 10.2 2.9 -20.2 7.6
Nov/Dec FBB FB-bridge Farmington 1-Dec-06 24.7 10.5 44 266 1.2 yes 4.0 0.29 0.23 5.9 2.1 -20.5 10.9
Nov/Dec BRB BRB-bridge Bear River 2-Dec-06 6.1 10.3 72 97 0.5 yes 0.5 0.06 0.82 6.1 5.4 -21.5 7.6
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Appendix 1.  Parameters measured during three synoptic sampling trips in the Great Salt Lake.
Month Station IDENT Bay Date Zoop 
Biomass 
(mg/L)
% Artemia 
Biomass
Zoop mg 
PN/L
Zoop 
del N15
Zoop mg 
PC/L
Zoop 
del 13C
Zoop 
C:N
Chlorophyta 
Biovolume
Pyrrophyta 
Biovolume
Bacillario- 
phyta 
Biovolume
Cyano- 
bacteria 
Biovolume
Tot. Phyto 
Bio- 
volume
Nodularia 
Bio- 
volume
Dunalliela 
Bio- 
volume
May 1 SYN 1 Gilbert 19-May-06 2877 100% 122.5 11.3 543 -19.5 5.2 63 181109 2088 0 183260 63 0
May 2 SYN 2 Gilbert 19-May-06 740 99% 41.2 11.2 181 -21.0 5.1
May 3 SYN 3 Gilbert 19-May-06 421 98% 27.3 11.3 124 -20.6 5.3
May 4 SYN 4 Gilbert 20-May-06 508 98% 36.3 12.0 152 -20.8 4.9
May 5 SYN 5 Gilbert 20-May-06 875 99% 46.9 12.2 196 -20.7 4.9
May 6 SYN 6 Gilbert 20-May-06 317 100% 14.8 12.1 67 -20.6 5.3 12118 1880 0 73875 87873 12118 73875
May 6 SYN 6 Gilbert 20-May-06
May 7 SYN 7 Gilbert 20-May-06 910 100% 53.9 12.1 225 -20.4 4.9 0 1505478 10801 0 1516280 0 0
May 8 SYN 8 Gilbert 20-May-06 337 100% 23.2 12.0 94 -20.6 4.7 324 7216 221 379 8141 324 0
May 9 SYN 9 Gilbert 20-May-06 616 100% 28.7 12.3 118 -20.5 4.8 4923 145600 379 0 150903 2949 0
May 10 SYN 10 Gilbert 20-May-06 1170 96% 66.0 12.2 270 -20.5 4.8
May 11 SYN 11 Gilbert 20-May-06 705 100% 28.5 11.3 122 -20.8 5.0 148609 9702 4227 0 162538 145249 0
May 12 SYN 12 Gilbert 20-May-06 687 100% 38.2 11.2 174 -20.8 5.3
May 12 SYN 12 Gilbert 20-May-06
May 13 SYN 13 Gilbert 19-May-06 644 99% 52.6 10.8 235 -21.0 5.2
May 14 SYN 14 Gilbert 19-May-06 1033 100% 84.1 12.3 348 -21.2 4.8
May 15 SYN 15 Gilbert 19-May-06 396 99% 32.3 11.5 134 -21.0 4.9
May 16 SYN 16 Gilbert 19-May-06 797 100% 46.3 11.0 195 -21.1 4.9
May 16 SYN 16 Gilbert 19-May-06
May 17 SYN 17 Gilbert 19-May-06 3250 100% 230.1 10.9 916 -20.9 4.6
May 18 SYN 18 Gilbert 19-May-06 488 100% 27.0 10.4 110 -20.7 4.8 2899 899 60 50140 53999 2899 50140
May 19 SYN 19 Ogden 19-May-06 359 100% 23.0 10.4 102 -20.8 5.2 55813 0 253 0 56066 55813 0
May 20 SYN 20 Ogden 19-May-06 486 100% 31.2 10.4 143 -21.0 5.3 1193916 78495 85873 0 1358284 69018 0
May 21 SYN 21 Gilbert 19-May-06 1007 99% 54.4 10.4 247 -21.0 5.3
May 23 SYN 23 Ogden 20-May-06 681 100% 33.3 9.8 146 -19.7 5.1 120546 122841 8639 26813 278839 105218 25733
May 24 SYN 24 Bear River 17-May-06 0.2 0% 0.02 8.6 0.1 -21.8 4.8 127954 175202 22408 1659 327224 1118 0
May 25 SYN 25 Bear River 17-May-06 11 34% 1.2 8.8 5 -18.9 5.2 506 600473 90384 0 691363 506 0
May 26 SYN 26 Bear River 17-May-06 0 0% 0.0 7.5 0 -15.4 32882 19254819 996467 0 20284168 0 0
May 27 SYN 27 Farmington 18-May-06 5 0% 0.3 7.9 2 -13.9 5.8 1568872 261946 782796 9795 2623410 0 0
May 28 SYN 28 Farmington 18-May-06 410 0% 55.7 7.9 289 -13.2 6.1 200983 6543577 60035 230419 7035015 1461 230419
May 29 SYN 29 Farmington 18-May-06 575 17% 38.8 9.4 174 -18.1 5.3 240908 284818 85949 2169925 2781600 176462 2169925
May 30 SYN 30 Farmington 18-May-06 503 10% 39.2 9.4 187 -20.1 5.8 815589 19255034 798816 14689873 35559312 695212 14689873
May 32 SYN 32 Ogden 18-May-06 1189 100% 64.1 13.2 350 -20.8 6.4 9308 35748 3527 0 48583 9150 0
June BRB BRBBridge Bear River 20-Jun-06 7 0% 0.7 9.8 3 -20.7 5.3
June 1 SYN 1 Gilbert 22-Jun-06 252 95% 13.1 10.6 71 -19.7 6.3 1907699 1209013 361181 3615147 7093040 1907699 3615147
June 2 SYN 2 Gilbert 22-Jun-06 928 100% 73.5 12.4 448 -21.3 7.1 2830133 0 114028 0 2944161 2830133 0
June 2 SYN 2 Gilbert 22-Jun-06
June 3 SYN 3 Gilbert 23-Jun-06 75 99% 3.5 12.7 21 -21.5 7.0 1368219 14219 25336 0 1407774 1368219 0
June 4 SYN 4 Gilbert 23-Jun-06 917 0% 68.0 13.6 356 -20.9 6.1 901812 111871 2733 0 1016416 901812 0
June 4 SYN 4 Gilbert 23-Jun-06
June 5 SYN 5 Gilbert 23-Jun-06 776 100% 39.5 13.5 234 -21.3 6.9 598500 0 55598 0 654098 598500 0
June 5 SYN 5 Gilbert 23-Jun-06
June 6 SYN 6 Gilbert 23-Jun-06 842 100% 47.1 13.3 246 -21.0 6.1 8563075 0 28754 0 8591829 8563075 0
June 7 SYN 7 Gilbert 23-Jun-06 194 100% 13.3 13.7 70 -21.0 6.2 3625447 496959 190251 0 4312657 3625447 0
June 8 SYN 8 Gilbert 23-Jun-06 464374 5806 37346 0 507526 464374 0
June 9 SYN 9 Gilbert 23-Jun-06 1261 96% 109.5 11.4 719 -20.9 7.7 1415257 14462 0 0 1429720 1415257 0
June 10 SYN 10 Gilbert 23-Jun-06 893 100% 54.0 12.0 325 -21.4 7.0 755245 5119 0 0 760363 755245 0
June 11 SYN 11 Gilbert 23-Jun-06 791 100% 42.0 12.4 240 -21.3 6.7 854052 0 5340 3160 862551 854052 0
June 13 SYN 13 Gilbert 22-Jun-06 432 100% 43.0 12.7 262 -21.6 7.1 1893685 0 107781 0 2001467 1893685 0
June 14 SYN 14 Gilbert 22-Jun-06 2242 100% 142.6 11.7 908 -21.6 7.4 775329 0 2752 0 778082 224332 0
June 15 SYN 15 Gilbert 22-Jun-06 453 100% 29.2 11.9 175 -21.6 7.0 502325 0 18344 0 520669 225123 0
June 16 SYN 16 Gilbert 22-Jun-06 607 100% 48.1 12.2 298 -21.4 7.2 4055331 0 166205 0 4221536 4055331 0
June 16 SYN 16 Gilbert 22-Jun-06
June 17 SYN 17 Gilbert 22-Jun-06 976 99% 12.5 -21.5 2297707 0 99734 0 2397441 2297707 0
June 17 SYN 17 Gilbert 22-Jun-06
June 18 SYN 18 Gilbert 22-Jun-06 1984 100% 136.3 12.3 837 -21.5 7.2 291083 0 4102 0 295185 291083 0
June 19 SYN 19 Ogden 22-Jun-06 127 99% 8.7 12.6 56 -21.5 7.6 779036 47396 5056 0 831488 779036 0
June 20 SYN 20 Ogden 22-Jun-06 182 100% 11.6 12.0 75 -20.4 7.5 1172427 266602 0 0 1439029 1172427 0
June 21 SYN 21 Gilbert 22-Jun-06 387 99% 28.5 12.2 181 -21.6 7.4 5817585 0 312838 0 6130423 5817585 0
June 23 SYN 23 Ogden 23-Jun-06 100 83% 11.9 -20.6 3453614 0 292148 0 3745762 3453614 0
June 24 SYN 24 Bear River 20-Jun-06 12 0% 9.4 11.0
June 25 SYN 25 Bear River 20-Jun-06 3 0% 0.2 9.5 1 -17.3 6.2
June 27 SYN 27 Farmington 21-Jun-06 444 0% 57.3 11.3 301 -17.8 6.1 11768 19544 11852 15938 59102 4943 0
June 28 SYN 28 Farmington 21-Jun-06 1152 0% 148.6 10.5 839 -19.0 6.6 2604722 2770640 84369 2875549 8335279 2179962 2824922
June 29 SYN 29 Farmington 21-Jun-06 966 0% 164141 243273 98125 22027316 22532855 127026 22009919
June 30 SYN 30 Farmington 21-Jun-06 1490 0% 387186 2744869 78159 26167359 29377573 183720 26161487
June 31 SYN 31 Farmington 21-Jun-06 778 1% 11482 129569 222251 18133756 18497059 11482 18133756
June 32 SYN 32 Ogden 21-Jun-06 96 100% 6.4 11.4 42 -20.9 7.7 1381855 285832 42291 0 1709977 1381855 0
Nov/Dec 1 SYN 1 Gilbert 30-Nov-06 77 100% 4.5 11.1 19 -21.4 5.0 1199857 300091 127463 0 1627411 1113684 0
Nov/Dec 2 SYN 2 Gilbert 30-Nov-06 36 100% 2.3 11.1 10 -21.4 5.3 278111 42040 77565 5688 403404 278111 0
Nov/Dec 2 SYN 2 Gilbert 30-Nov-06
Nov/Dec 3 SYN 3 Gilbert 30-Nov-06 192 100% 12.5 11.0 56 -21.5 5.2
Nov/Dec 5 SYN 5 Gilbert 30-Nov-06 382 100% 24.9 11.2 109 -21.5 5.1 163558 42058 26163 0 231778 163558 0
Nov/Dec 7 SYN 7 Gilbert 30-Nov-06 884 100% 72.3 11.3 324 -21.3 5.2 1781862 106641 0 42656 1931159 1781862 0
Nov/Dec 8 SYN 8 Gilbert 30-Nov-06 143 100% 8.2 11.2 37 -21.7 5.2
Nov/Dec 9 SYN 9 Gilbert 30-Nov-06 350 100% 25.8 11.2 115 -21.6 5.2
Nov/Dec 10 SYN 10 Gilbert 30-Nov-06 408 100% 25.6 11.1 116 -21.8 5.3
Nov/Dec 11 SYN 11 Gilbert 30-Nov-06 160 100% 9.9 11.3 44 -21.6 5.2 156790 25862 7476 0 190128 153827 0
Nov/Dec 13 SYN 13 Gilbert 30-Nov-06 527 100% 31.6 11.2 149 -21.9 5.5
Nov/Dec 14 SYN 14 Gilbert 1-Dec-06 467 100% 34.6 11.0 156 -21.7 5.2
Nov/Dec 15 SYN 15 Gilbert 1-Dec-06 134 100% 982044 41945 26589 0 1050578 982044 0
Nov/Dec 16 SYN 16 Gilbert 1-Dec-06 465 100% 37.7 11.1 180 -21.8 5.6
Nov/Dec 16 SYN 16 Gilbert 1-Dec-06
Nov/Dec 17 SYN 17 Gilbert 1-Dec-06 186 100% 15.4 11.3 70 -21.9 5.3
Nov/Dec 18 SYN 18 Gilbert 1-Dec-06 124 99% 9.8 11.4 44 -21.7 5.3
Nov/Dec 20 SYN 20 Ogden 1-Dec-06 161 100% 14.2 11.5 70 -20.8 5.8 4148906 1364785 88656 60968 5663315 4148906 0
Nov/Dec 23 SYN 23 Ogden 28-Nov-06 199 92% 8.8 10.7 41 -20.9 5.4 2160197 355491 88051 24014 2627753 2023275 0
Nov/Dec 32 SYN 32 Ogden 1-Dec-06 989 100% 76.7 11.1 324 -21.4 4.9
Nov/Dec FBB FB-bridge Farmington 1-Dec-06 101 94% 5.7 8.5 26 -17.7 5.4 1581597 1391201 0 498848 3471646 36321 46770
Nov/Dec BRB BRB-bridge Bear River 2-Dec-06 4 79% 0.1 8.2 1 -16.3 13.6 31671 148764 0 0 180434 8084 0
